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Abstract 
ABSTRACT 
The purpose of this project was the study of electrically small material coated 
antennas. In particular the use of a hybrid dielectric-ferrite material was examined, 
compared to dielectric alone, and ways it can improve antenna performance. The 
benefits resulting from the inclusion of ferrite were examined using both analytical 
and experimental methods. 
Initially a spherical analytical mathematical model was developed, to examme 
antenna efficiency, bandwidth and Specific Absorption Rate (SAR) in terms of 
different mixtures of relative permittivity E, and permeability ft,. The theoretical 
model was then validated through a numerical transmission line matrix (TLM) 
simulation tool, applied to spherical and rectangular resonator geometries. It was 
observed that a material with equal values of relative permittivity and permeability in 
combination with specific positioning of the antenna in relation to the head, can give 
rise to the definitive small-size, high efficiency, high bandwidth, low SAR antenna. 
Three different ferrite loaded materials were obtained and used to construct three 
material coated monopole sample antennas. Efficiency and SAR measurements of 
these antennas showed good agreement with the simulation results and confirmed the 
accuracy of the simulation tool. 
Having established the advantages of using the hybrid material, further simulation 
work was undertaken, which optimised the material loaded resonator design and 
integrated it into a typical handset. Its attributes were successfully translated into three 
innovative multi-band handset antenna designs, covering the GSM 1800, 1900, 
UMTS and B1uetooth bands, with a SAR value reduced by 88% compared to 
conventional phones and a high efficiency. Finally, a tri-band antenna design was also 
developed, utilizing currently available lossy ferrite material. The novel research 
results indicated that the development of a ferrite material more suitable for antenna 
applications and specifically the development of the E, "ft, hybrid material mix, can 
lead to a commercially viable, high efficiency and low SAR multi-band handset 
antenna. 
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CHAPTER 1 
Introduction 
1.1 Mobile Communication Systems and Handset Antenna Design 
During recent years, mobile communications have exhibited tremendous growth. The 
demand for mobile communication equipment has outstripped predictions and with 
constantly emerging new applications, it is likely to continue in the foreseeable future 
[1, 2]. As a consequence, new antennas have been developed for various mobile 
systems and antenna design has advanced. 
In particular, the increased use of mobile systems on an individual scale has promoted 
the downsizing of mobile handsets. The trend in the last few years has been to 
decrease the size and weight of the unit, whilst having multi-band coverage, with low 
energy consumption. Technology has evolved very quickly to satisfy these needs by 
making smaller, complex and more efficient chips. The corresponding evolution of 
handset antennas however presents many challenges to the antenna designer since it 
involves a lot of issues ranging from antenna performance to health considerations. 
1.1.1 Efficiency and Bandwidth 
The ideal handset antenna should be low profile, provide a good impedance match 
and offer radiation characteristics, such as pattern and polarisation that meet the 
requirements of the particular communications system. Its gain should be optimal so 
that the transmitter power can be made lower and the use of a smaller battery can be 
1-1 
Introduction Chapter 1 
possible. However, reducing the antenna's size to fit in the handset causes the 
reduction of its radiation resistance. As a result, most of the energy is stored rather 
than radiated and the antenna efficiency is lowered [3, 4]. This in turn allows the 
antenna to be matched over narrow bandwidths and causes the reduction of the 
frequency bandwidth of operation [3, 5]. Hence, the design efforts should make the 
best compromise to maintain approximately the same antenna performance in terms of 
gain, coverage, and bandwidth. 
1.1.2 Handset Integration and Proximity Effects 
Another factor to consider is the radiation performance of the antenna following its 
integration inside the handset. Currents excited by the antenna on the handset chassis 
cause it to radiate as part of the antenna system. This generally enhances the antenna 
efficiency but alters its radiation characteristics compared to free space. The radiation 
pattern varies depending on the size and shape of the handset and the type and 
location of the antenna element [2]. On the other hand, the current distributions on the 
chassis make the antenna system more vulnerable to proximity effects caused by the 
presence of the operator's hand and head. The energy absorbed by the human body 
can vary from 10% to 50% depending on the phone, distance and the antenna's 
radiation pattern relative to the user head [6]. As a consequence, unless care is taken 
to decrease chassis currents, the antenna performance will degrade due to their 
influence. 
1.1.3 Specific Absorption Rate (SAR) 
Finally, there is the important issue ofthe handset radiation on the human tissue. 
The human body is mainly composed of water, electrolytes and complex molecules 
[2]. Over the frequency range, its conductivity and permittivity vary and RF E-fields 
penetrate it to an extent that decreases with increasing frequency [7]. Knowing the 
electrical properties of the different types of tissue, it is possible to calculate the 
energy deposited by a mobile phone at any point inside the body. The rate at which 
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the energy is absorbed by a particular mass of tissue m, is ma E2 , where a and p 
p 
are respectively the conductivity and density of the tissue and E is the rms value of 
the electric field. The quantity a E2 is called the specific energy absorption rate or 
p 
SAR and is measured in watts per kilogram (W /kg). 
RP dosimetry in the human body is very complex due to the many factors involved 
with energy absorption in tissues. Apart from the dielectric properties, the internal 
electric field is determined by the shape, size, orientation of tissue, polarization and 
frequency of fields, source configuration and exposure environment [2]. Numerical 
dosimetry performed with advanced simulation techniques gives a good initial 
indication of the interaction between the tissue and the handset. Dosimetry 
measurements are then performed to establish the device's compliance with 
international standards. The permissible SAR from exposure to a mobile handset in 
Europe and Japan by the International Commission on Non-Ionising Radiation 
Protection (ICNIRP) and by the IEEE C95.1 2005 standard is 2 W/kg in any 109 of 
tissue in the head. The maximum SAR allowed by the rules of the U.S. Federal 
Commission (FCC) is 1.6 W/kg in Ig of tissue. Additional standards exist that 
provide detailed requirements for the measurement testing of mobile phones e.g. 
European Standard EN50361. Recently, there has been a growing number of 
standards that specify requirements for numerical methods testing, e.g. European 
Standard EN 50357 [8]. 
The possible effect of mobile phones on human health has been increasingly popular 
over the last several years and has raised a lot of concern. Many studies and 
investigations have been conducted [7,9-12] and international scientific bodies have 
been formed to analyse and quantify the potential risks involved. As yet, there is no 
evidence that mobile phones are harmful to human health and it is probable that the 
long-term effects of using a mobile phone will not be known for decades. 
Nevertheless, minimising the fields towards the human head is imperative and has 
become a necessity in modem handset antenna design [2J. 
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Apart from the basic antenna characteristics listed in Sections 1.1.1 to 1.1.3, the 
handset antenna should also be robust, flexible and cheap. Hence, handset antenna 
design is the art of juggling between the different requirements and trying to combine 
them in the most effective way, to satisfy the system needs. 
Typical antenna elements used to date for handsets are monopole, dipole, normal 
mode helix, planar inverted-F (PIFA), dielectric resonators, micro strip patch, meander 
line and ceramic chip [2]. The majority of handsets use combinations of these 
antennas in order to obtain multi-band coverage and high efficiencies with a small 
size. Minimising the proximity effects and the radiation towards the head as well 
however proves troublesome for most designers, who just settle for complying with 
the international SAR standards. 
1.2 Dielectric and Material Loaded Resonators 
The use of material loading to reduce the electrical size of wire monopoles and other 
antennas is well known [13, 14]. The increasing antenna size constraints imposed by 
handset manufacturers along with the availability of new advanced dielectric 
materials has renewed the interest in dielectric loaded antennas [15]. Tuning stability 
and good isolation from the handset and the human operator are cited as important 
features of dielectric loading, which may enable a stand-alone ceramic chip antenna to 
be finally realised in practice over all the operating bands. There is also some 
expectation that somewhat less power is dissipated in the operator's head but the 
orientation of the dielectric antenna with respect to the head and the position of the 
antenna inside the handset in relation to the electronics is likely to remain the maj or 
influence on the SAR [15]. These features can be fully exploited at frequencies of 
operation of the order of several GHz or higher. To obtain a reasonable size at cellular 
frequencies however requires a high dielectric constant, which increases the Q factor 
of the antenna and leads to low efficiency and narrow band behaviour [16]. 
The use of ferrite material has previously been investigated and it was established that 
no distinction could be made between a purely magnetic and a purely dielectric 
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loading in tenns of radiation power factor [17]. On the other hand, the addition of 
ferrite to a dielectric loading and the fonnation of a hybrid material loading increases 
the radiation resistance of the antenna and hence its efficiency [18]. In particular, 
when the material loading comprises of equal pennittivity and penneability, the wave 
impedance ofthe antenna matches that offree space and the efficiency and bandwidth 
are optimised. The same conclusions were reached when magnetic material was 
applied on dielectric resonator antennas [19]. The merits of equalising the material 
relative pennittivity and penneability have also recently been successfully realised 
using metamaterials [20]. Regrettably, their use in compact handset antenna 
applications isn't possible because of their heterogeneity and difficulty obtaining a 
small enough cell size. 
The purpose of the present research is to use the hybrid material loading technique to 
create the ultimate multi -band low SAR handset antenna. The breakthrough use of the 
isotropic dielectric-ferrite mixture, with suitable excitation and design, diminishes the 
need to compromise between handset antenna attributes and combines small size, high 
efficiency, multi-band coverage, reduced proximity effects and very low SAR. The 
continued reduction of SAR is of interest to both manufacturers and users and is the 
central theme ofthis project. 
1.3 Thesis Overview 
The innovation of this proj ect lies in the inclusion of penneability, to improve the 
efficiency and bandwidth of a dielectric resonator. The thesis provides a complete and 
detailed coverage of the topic, including a theoretical analysis, computer simulations 
and measurements of material samples. 
The effects of the hybrid material load on antenna perfonnance are initially examined 
theoretically in Chapter 2, through the development and employment of a 
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mathematical model. A spherical material loaded resonator, excited by an 
infinitesimal dipole and having a steady &,P, material product, is analysed for 
loadings with different ratios of permittivity and permeability. Important results are 
obtained, indicating the ideal material combinations to achieve minimum size, 
maximum efficiency and bandwidth and minimum SAR. It is deduced that a material 
with an equal ratio of permittivity and permeability combines the aforementioned 
antenna parameters in the most successful manner. 
Chapter 3 performs the same examination computationally, using MicroStripes ™ 
TLM simulation tool. A spherical material loaded resonator, excited by a finite wire-
fed dipole source and with the same steady 8,p, product, is primarily modelled in 
accordance to the theoretical model. The size, efficiency, bandwidth and electric 
fields of the resonator are monitored in terms of the varying material ratio. The 
conclusions reached confirm the superiority of the material mixture with 8, = p, and 
validate the theoretical model results. As a next step, a cube material loaded resonator 
with a steady & ,p, product is modelled, to test the application of the theory to more 
realistic shapes. The resonator is simulated both with and without the presence of a 
human head phantom. Despite the structural differences and simulation inaccuracies, 
the findings once again conform to the ones predicted in Chapter 2. It is also 
observed, that apart from the material, SAR is mostly greatly affected by the antenna 
near field and its positioning in relation to the human head. Having identified how to 
properly utilize the material ratios and antenna positioning to obtain the optimum 
antenna performance, a cube resonator with a constant frequency of operation at 1.8 
GHz and a varying 8,p, product is modelled. The first steps are made towards a 
practical antenna and these new, original and innovative results lay the principles for 
future antenna designs. 
Chapter 4 looks into the realisation of the material loaded antenna and the 
experimental verification of the simulation results. Market research into the currently 
available ferrite materials is performed and three samples of ferrite material are 
obtained and presented. The sample properties differ from the ones initially targeted 
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but are used to make three antennas, which are simulated and then measured for 
efficiency and bandwidth. The results obtained are then utilised to determine the 
accuracy of the simulation package and its suitability to predict the performance of the 
material loaded antenna. 
Chapter 5 presents the simulation developmental work performed to translate the 
material loaded resonator's attributes from Chapter 3 into multi-band, high efficiency 
and low-SAR handset antenna designs. A series of pilot studies is initially performed 
to explore how the material ratio and resonator shape affect the positioning of the 
antenna modes and its multi-band operation. The resonator, excited by a monopole, is 
placed on a 40x40mm ground plane and the ideal material parameters and dimensions 
for optimum wideband performance are identified. The addition of parasitic rings 
results in the realisation of a tri-band handset antenna design (GSM 1800, 1900 and 
Blue-tooth). 
Following, the ground plane is extended to the typical 40x100mm handset 
dimensions. Using two different types of metallisations, two quad-band, very low 
SAR handset designs are achieved (GSM 1800, 1900, UMTS, Blue-tooth). Their 
efficiency values, SAR and deluning in the presence of the human head and hand are 
monitored and compared to other types of antennas, which unlike the material loaded 
resonator, are greatly affected by their local environment [21]. The quad-band designs 
combine overall superior performance with design simplicity. 
Another quad-band, low SAR design is next realised by applying the metallisation 
from Antenova® Lld's commercial GSM Radionova Radio Antenna Module on top of 
the monopole excited, hybrid material resonator. The performance of the antenna is 
compared to the original Radionova Radio Antenna Module [22]. The considerable 
benefits of the material's application are highlighted and its versatility is established. 
The chapter concludes with a tri-band handset antenna design (GSM 1800, 1900, 
UMTS) accomplished through the utilization of a material with reduced permeability, 
typically used for screening purposes, but currently available in the market. 
All the handset antenna designs presented in full detail in the chapter constitute highly 
original work of great value to multi-band low SAR handset design. 
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The final chapter, Chapter 6, is used to summarise and conclude the research 
considered in this thesis. A section on further work is also included, highlighting 
issues to improve the antenna. 
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CHAPTER 2. 
Analysis of Mathematical Theoretical Model 
2.1 Introduction 
Dielectric loaded antennas have significant advantages over conductive-only 
antennas, and are being used extensively [1-4]. Despite the advantages, a purely 
dielectric material has a very low input resistance at resonance that is very difficult to 
match to and leads to narrowband, low-efficiency antennas [2]. Ferrite loaded 
antennas result in a similar decrease in antenna efficiency and bandwidth [5], but in 
addition their extension to higher frequencies is constrained by the availability of 
suitable low-loss ferrite material. Combining the two, and using a hybrid dielectric-
ferrite material mix has previously been investigated [5,6] and has been proven to 
increase the radiation resistance and lead to improved bandwidth and radiation 
efficiency. Lately, advanced magnetic materials, with low loss at higher frequencies, 
tend to be developed and the first mixtures of dielectric and ferrite coatings for mobile 
handset antennas have been reported [7-10]. 
This chapter is involved with the presentation and implementation of an analytical 
approach, which studies the effect of different material mix loadings on the size, 
efficiency, bandwidth and near field of an antenna. A mathematical model is 
employed, consisting of a spherical volume of material excited by an infinitesimally 
small dipole source. The spherical canonical geometry enables accurate 
representation of the fields generated by the antenna. Utilising the spherical 
coordinate system's orthogonality property and the method of separation of variables 
[11] leads to the solution of the vector wave equations across the sphere boundary. 
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Consequently, the resonant frequency, radiated fields, Q and bandwidth are 
determined. The model is applied on a variety of material loadings with different 
dielectric-ferrite ratios. The theoretical findings indicate the ideal dielectric-ferrite 
material combinations to achieve minimum size, maximum efficiency and bandwidth, 
and minimum SAR. The results are very important as they point out the material's 
potential and how it should be exploited. In the chapters that follow, they provide the 
stepping-stones for future antenna designs. 
2.2 Analysis of Infinitesimal Dipole in Spherical Material 
2.2.1 Generic Spherical Model 
A ceramic sphere of radius a is excited at the origin 0 by either an electric (TM) or 
magnetic (TE) source and is shown in Figure 2-1. 
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Figure 2-1 - Dipole eucapsulated in material-loaded sphere 
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A conventional spherical coordinate system (r, 0, rp) is employed, with the dipole 
situated at the origin and oriented on the z-axis. A time factor e-jmt is employed. 
The regions inside and outside the spherical volume have relative permittivity, 
relative permeability and corresponding loss tangents defined as: 
Inside sphere 
Outside sphere 
thus allowing the antenna to operate in a lossy dielectric environment [7]. 
The spherical harmonic representations of all the electric (TM) and magnetic (TE) 
fields that can be supported within a spherical cavity are described by the following 
equations [12]: 
'" 0 h(l) ( ) 
E,= LL(-n(n+l)Y,,! 0 P )e-j" 
n=l m=O P 
(1) 
Ho = -f.~( .n(n+l)yH h~l)(p» -j'" 
r ~~ ] nm e 
001 moO Z P 
H8 = f:t .L(~(Yo~) [ph~p)(p)r +_.I_~(Yo!)h~l)(p»e-j'" 
oolmoOZ 09 p srn90rp 
H~= f:t .L(_.I_~(y"~)[ph~I)(p)]. ,,°.9(Y,,!)h~I)(p»e-j'" 
001 moO Z srn.9 orp p u 
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where Z 
p=kr 
y(EH) = {A EH cosmm+AEH sinmm}pm(cos.9) 
nm enm r Onm 't'n 
[ph;') (p)]' = d(P~;(P» 
2tr r::-;-k =-"';/1,8, 
;to 
Chapter 2 
(2) 
The .9 wave variations are represented by the associated Legendre functions 
Pnm(cos.9), which form a complete orthogonal set in the interval 0:s;.9:s; tr [15]. 
The radial travelling wave variations are represented by spherical Hankel functions 
h;l) (p) of the first kind and the rp variations by complex exponentials and co-
sinusoids. The constants n = 1,2,3, ... 00, m = 0,1,2,3, ... n determine the number of nodes 
with respect to the spherical angles !) and rp, and m = 0, m < n ensure Pnm (cos.9) is 
finite at r = ° and .9 = O,tr [12]. 
Primarily, the case of the sphere being excited by an infinitesimally small magnetic 
(TE) dipole is considered. 
A magnetic dipole may be conceived as an infinitesimal loop of wire, of area dA, 
carrying a current I [17] that will create transverse-electric spherical waves both 
inside and outside the spherical cavity. The regions where r:S; a and r:?: a are 
denoted as regions I and II respectively and accordingly we define: 
Zo = ~ /10 and Z, = r;;: ro 
8 0 ~--;: 8 0 
r::-;- 2tr k, = ko"';/1,8, , k, = ko and ko =-;to 
where ;to is the free-space wavelength. 
(3) 
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The fields in regions I and II are described by the following equations: 
Inside sphere (Region J): 
H = L{A h!I)(PI) +B jn(PI)}cos.9 
r ZI nm PI nm PI 
E. = -.!. {Anmh;I) (PI) + Bnm jn(pJ}sin.9 2 
Outside sphere (Region 11): 
. h(I) ( ) 
H = -.Le n p, cos.9 
, Z nm 
o p, 
(I) • 
H = -Le [p,hn (p,)] sin.9 
a 2Z nm 
o p, 
E = -.!.e h(l) (p )sin.9 
rp 2nmn 2 
Equations (4) and (5) are deduced from (1) using: 
1 Yn~H =2A!~Pn(cos.9) (for m=O) 
~ (cos.9) = cos.9 
~cos.9 = -sin.9 
d.9 
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(4) 
(5) 
(6) 
The spherical Bessel function of the first type j n (PI) and coefficient B are 
introduced to represent the reflections of the waves at the sphere surface, which result 
in standing waves inside region L 
The coefficients A, Band C are detennined by applying Huygen's principle and the 
boundary conditions, which require the continuity of the tangential electric and 
magnetic fields across the sphere boundary. This implies that the Ha and E. 
components are continuous at r = a and therefore: 
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- p, Zo j { (')( )]' B [ '( )]'}- - j C [ h(l)( )]' 
--Z2 A,m[p,h, p, + ,m P,}, p, -2 ,m p" p, 
p, , 
By further manipulating (6), an equation for parameter C is obtained, which defines 
the amplitude of the fields in region II, for r ~ a . 
(8) 
The dashed quantities indicate differentiation with respect to the argument of the 
function. 
Using the following expressions equation (8) is expanded: 
. () sinp cosp J, p =-----
p' P 
h!') (p) = -1. eip (1 + 1..) 
p P 
d . () cosp 2sinp sinp cosp 
--} p =--- +--+--
d(p) , p' p3 P p' (9) 
When the sphere is electrically small, the low order TEnrnv resonator modes are 
narrowband and the antenna fields can be represented by the (nmv)th mode alone, 
where v relates to the electrical size [10, 13]. In this case, we are interested in the 
dipole-like far fields corresponding to a magnetic source, so we are examining the 
TElOJ mode realised in practice by the small wire loop. 
The complex roots of the denominator of (8) yield the TElOJ mode, which can be 
described by: 
(10) 
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The antenna Q factor, is then given by: 
QM = PM" 
2PM 
Chapter 2 
(11) 
The value of Q energy stored hid'" d fi b ----'''''--. -, so t e energy ost to ra latlOn IS accounte or y 
energy radiated 
the imaginary part of the root. The Q factor is of great interest since its reciprocal is a 
useful measure of the antenna impedance bandwidth [10]. 
Losses in the material, lower the Q value to Qt and the antenna radiation efficiency 
is then given by: 
(12) 
The antenna resonant frequency is determined from the real part ofthe root by: 
, 8 ' 
J:M (Hz) = PM 3xlO => J:M (MHz) = PM 47750 (13) 
, 2:raxl0-" a(mm) 
Together with the Q, bandwidth (~~) and the efficiency values from (12), a useful 
Q 
set of practical design data is formed [7] which leads to important conclusions 
regarding material constitution and antenna performance. 
The radiated power can be calculated from the component of the time averaged 
complex Poynting vector in the radial direction as follows [12]: 
where' indicates the complex conjugate of H B' 
After algebraic manipulation and suitable integration over the sphere surface, an 
expression is obtained for the power radiated through the walls ofthe cavity: 
p = CC":r 
, 32 k' 
o 0 
(14) 
In order to complete the mathematical model, the case of an electric dipole (TM) 
exciting the spherical volume of material should also be examined. As will be 
observed, even though the fields generated are different, after the application of 
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boundary conditions the equations derived for efficiency, Q-value, C-parameter and 
radiated power need very little, if any, modifications. 
An infinitesimally small electric dipole can be represented by a short uniform current 
element of a certain length I. In the case of using an electric (TM) dipole as the sphere 
excitation source, the fields in regions I and II would be represented by: 
Inside sphere (Region I): 
E = -{D h~')(p,) +E j,(PI)}COS.9 
r nrn nm 
PI PI 
Outside sphere (Region II): 
h(') ( ) 
E = - F ,p, cos.9 
, ,m p, 
(I) • 
E =!F [p,hn (p,)] sin.9 [) 2 nm p, 
H = ~F h(')(p )sin.9 
rp 2Z nm n 2 , 
(15) 
(16) 
As in the case of the magnetic loop, boundary conditions and continuity of the 
tangential components lead to an equation for parameter C that is identical to (8) apart 
from Jl.d' which is now replaced by lid as follows: 
(17) 
By taking the first complex root of the denominator we obtain the TMIOJ mode 
PE = PE' + jpE" and can subsequently derive the Q-factor, efficiency and resonant 
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frequency of the antenna in accordance with equations (11), (12) and (13), by 
replacing PM' with PE" The radiated power is calculated from (14) above. 
The complex roots of the denominators of (8) and (17), for a magnetic and electric 
dipole source respectively, were calculated using MatLab programming software tool. 
Utilizing the similarity between (8) and (17) a variable K was introduced: 
K ~ Jid for a TE magnetic source 
s d for a TM electric source 
The programme code can be found in Appendix I. The root computation progrannne 
was run several times for different material ratios and losses, both inside and 
surrounding the sphere. In all cases, the s,'Jii product was kept constant at 36 and the 
radius of the sphere was a = 20 mm to ensure that the antenna resonant frequencies 
are in the vicinity of mobile bands. The results were inserted in a database, which can 
be found in Appendix I, and formed graphs relating the material ratio and losses to 
efficiency, Q-value, resonant frequency and SAR. Prior to the presentation of the 
results graphs, fundamental concepts regarding boundary conditions are re-visited, to 
support their analysis. 
2.2.2 Compatible and Incompatible Boundary Conditions 
According to Huygen's principle, it is possible to determine the fields outside a closed 
surface using the sources enclosed within it. Hence, it is feasible to obtain the fields 
outside a spherical DRA by placing over the closed surface suitable electric and 
magnetic densities that satisfy the boundary conditions [15]. 
The spherical surface of a DRA with high permittivity (s,' »I,Ji,' = 1), at the 
dielectric-air interface, can be approximated by a hypothetical magnetic conductor 
(magnetic wall), which requires that the tangential components of the magnetic field 
and the normal components of the electric field are zero [14, 15]. Hence, the near field 
will be magnetic and the radiation fields will be predominantly TE. If the excitation 
2-9 
Analysis of Mathematical Theoretical Model Chapter 2 
source is also TB then we state that the DRA has compatible boundary conditions 
(CBC), while for TM excitation there are incompatible boundary conditions (mC) 
(10]. Conversely, a spherical surface with high permeability (11,' »1, si = 1) is 
approximated by an electric wall, upon which the tangential electric and normal 
magnetic components vanish [14, 15]. An electric wall will exhibit an electric near 
field and the radiation fields will be predominantly TM. In this case, an electric 
excitation source corresponds to CBC whereas a magnetic source to mc [10]. Thus, 
in terms of equations (8) and (17), K=I corresponds to CBC while magnetic source 
excitation with K= 11," si = I, and electric source excitation with K=si ,11,' = I, both 
correspond to !BC (Note that the small material losses allow K to be taken as s,' or 
11,' for ease of presentation.). A sununary of the boundary conditions is given in 
Table 2-1. 
Compatible Boundary Incompatible Boundary 
Conditions Conditions 
Magnetic source 
11,' = I 11,'=36 
s,' =36 si = I 
Electric source 
s,' =1 s,' =36 
11, =36 11,' = I 
Table 2-1 - Summary of Compatible and Incompatlble Boundary Conditions 
The aforementioned assumptions are employed in the section that follows, during the 
analysis of the results graphs. The benefits in antenna performance arising from using 
a ferrite-loaded material as opposed to a purely dielectric one are clearly illustrated. 
2.2.3 Spherical Model Results 
The analysis of the results commences by considering an electric or magnetic dipole 
source in a loss-less sphere whose material ratio is modified. As previously stated, 
S,'I1,' =36, a = 20 mm and K is varied with I :-;:K:-;: 36. 
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Figure 2-2 shows the frequency and Q-factor variation with K. 
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Figure 2-2 - Frequency and Q-factor against K 
The frequency curve is minimum at Compatible Boundary Conditions (CBC). This 
would be equi valent to minimum electrical size if the antenna were examined at a 
constant frequency instead of a constant product. The opposite is true for lBC where 
the frequency is maximum. At &, = p ,' = 6 , the frequency and consequently antenna 
size remain small. 
The Q-factor is lowest at li, ' = p,' = 6 . Since Q energy stored [13 , 14] it is 
energy radiated 
suggested that this combination of permittivity and permeability produces maximum 
radiation whilst maintaining a small electrical size. Furthermore, the minimum Q-
factor is an indicator that the particular material ratio is likely to produce the widest 
bandwidth [10]. 
The next step involved the addition of losses in the material contained inside the 
sphere and in the environment surrounding it, and examined the subsequent effects on 
the variation of the resonant frequency, Q-factor and efficiency 7J . The inserted losses 
are symmetric to the permittivity and permeability and in al l the figures that follow 
tan 0, = tan 0" = tan d. The frequency response with K and material losses is 
,.1 ",,.1 
shown in Figure 2-3. 
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Figure 2-3 - Frequency against K with material losses 
The introduction of losses, whether internal or external , has little effect on the 
resonant frequency, which apart from a slight shift remains unaffected. It is apparent 
that the resonant frequency is defined mainly by the values of permittivity and 
permeability. As in the case of the loss-less sphere examined in Figure 2-2, CBC and 
IBC correspond to minimum and maximum electrical size respectivel y, regardless of 
the added losses. 
The frequency response with losses corresponding to Hertzian electric (TM) and 
magnetic (TE) dipole excitation sources respectively is shown in Figure 2-4. 
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Figure 2-4 - Frequency against K with material losses for TE and TM excitation 
The resonant frequency insensitivity to losses is evident in both cases. One interesting 
property to note is that the resonant frequencies of the TM 10 1 and TElol modes 
converge to the same frequency when 6,' = J.L, ' = 6. This could be useful in the design 
of circularly polarised material loaded antennas [16] , given the appropriate combined 
electric and magnetic dipole excitation with quadrature phase. 
The Q-factor response with K and the addition of losses is shown in Figure 2-5 . 
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Figure 2-5 - Q-factor against K with material losses 
It is observed that for all types of losses, the lowest Q-factor occurs when K=6 and the 
permi ttivity and permeability of tbe material are equal. The value of minimum Q 
decreases as further losses are added. It is important to note that materi al losses inside 
the sphere have a greater impact on the lowering of the Q-factor than the losses in the 
environment surround ing the sphere. This confirms that ceramic and fe rri te losses, 
although un wanted, can provide a stabi lising action against changes in environmental 
losses perturbing the antenna Q-factor and hence bandwidth . 
The efficiency response with K is shown in Figure 2-6. 
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Figure 2-6 - Efficiency against K with material losses 
The efficiency variation of the spherical resonator wi th material losses of 0.0 I and 
0.05 is shown. As expected from the Q-factor variation with K, the efficiency peaks at 
K=6, for both types of losses, where the permittivity and permeability are equal. 
When the losses are quintupled, the maximum value of efficiency drops by almost 
40%. In both cases, at CBC and /BC points, the efficiency values remain at 
approximately equal levels, 20% reduced compared to the maximum efficiency. 
Clearly, an antenna made out of material with li, ' = P,' = 6 , has a significantly higher 
efficiency compared to a purely dielectric or magnetic one. The addition of ferrite 
increases the radiation resistance of the antenna and provides a better match to free-
space impedance, wh.ich ultimately leads to increased radiation efficiency. 
2-1 5 
Analysis of Matllematical Theoretical Model Chapter 2 
1.4 
1.2 I ... -.-. loSS)' M ale rial 
-(~'\J1d~O .O I ) 
I · 
-'-'Lossy Material 
I--(tand~0. 05 ) 
0.8 · 
U 
0.6 · I ~ \. 0.4 . , "-.. 
0.2 
o ~~ 3 6 9 12 15 18 21 24 27 30 33 ~ 39 K 
CBC IBC 
Figure 2-7 - C parameter against K with matcriallosscs 
The C parameter variation against K is shown in Figure 2-7 for the same set of 
materia.! losses. Both cases at CBC exhibit a maximum, which is an indication of the 
increased amount of fields outside the sphere compared to IBC where they are 
minimum. In extend, this suggests an increased near field and since SAR is a near 
fie ld effect, it leads to the conclusion that CBC wi ll demonstrate significantly higher 
SAR va.!ues than me. At the point K=6, which is where maximum efficiency was 
observed in Figure 2-5, the C parameter is reduced by 70% and 55% for the loss 
tangents of 0.01 and 0.05 respectively. This reduction in the near field constitutes an 
additiona.! positive feature for the material loaded antenna and enhances the 
conviction that it is possible to realise a small antenna with high efficiency and 
reduced SAR. 
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2.3 Summary Comments 
An analyti cal mathematical model was presented, in an effort to detemline the effect 
of different material ratios on the perfomlance of a resonator antenna. Examination of 
the results indicates that for moderate material losses the radiation is enhanced when 
the permitti vity and permeabi li ty are of comparable va lues. From a phys ical 
standpoint it seems the equality of [';,' and fl, ' provides the best impedance match at 
the air/materi al interface. Minimum Q-factor and hence max imum bandwidth also 
occurs at [';,' = fl,' = 6 and thi s holds over a wide range of materi al loss va lues. 
The materi al ratio has an influence on the resonant frequency but the latter IS 
relatively insensitive to the level of material loss as shown in Figure 2-3. A similar 
insensiti vity is observed when the sphere is immersed in a lossy medium, thus 
sup porting claims that materi al loaded antelUlas are less affected by their 
environment. The greatest electri cal size reduction occurs when K=l , however, at the 
po in ts of max imum effi ciency and bandwidth the size remains at satisfactory levels. 
The C parameter, defining the amplitude of the antenna near fie lds, is max imum at 
CBC and minimum at me. At [';,' = PI' = 6, it is signifi cantly reduced signifying a 
low SAR value, which when combined with the maximum effi ciency and bandwidth 
constitutes an optimum combination that sati sfi es key des ign issues. 
The above remarks and conclusions reached from the employment of the 
mathematical model are the fo undations of the whole project. In the following 
chapter, a computer simulation tool is used to initially validate them and then examine 
their application to more reali stic antenna shapes and structures. 
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CHAPTER 3 
Simulations of Material Coated Antennas 
3.1 Introduction 
The prev ious chapter dea lt with a theoretical anal yti cal mode l and examined how the 
di electric-ferrite rati o in a material mix affects antenna performance. Its employment 
led to a signifi cant set of conclusions that unveiled the pos itive effects tri ggered 
through the use of a material with equal pelll1ittivity and permeability values. The 
max imum effi ciency and bandwidth achieved combined with the signifi cantly reduced 
amplitude o f antenna near fi elds (i.e. SAR), suggest thi s material composition is an 
ideal starting point towards the ultimate handset antenna. 
The purpose of thi s chapter is to examine the va lidity of these attributes 111 more 
rea li stic situatio ns, involving antennas of non-canonical shapes with practi cal 
excitati on sources. Thi s is achieved through simulati ons us ing Micro-Stripes™ TLM 
based so ftware, kindly made avail able to the Centre of Mobile Communications by 
Flomeri cs Ltd. 
The chapter commences with a section on Micro-Stripes™ and its principle o f 
operation . The Transmission Line Matri x (TLM) method is one of the most 
commonl y used methods for the analys is of EMC problems. It is a powerful and 
versatil e llumerical tool , whose affinity with the mechani sm of wave propagation and 
interacti on with boundari es and materi als allows the accurate analys is of even the 
most complicated structures (ll . The chapter then continues with the simulation of 
two shapes, a sphere and a cube (excited by an electri c dipo le), fo r differe nt ratios of 
pemlittivity and permeability. Both types of resonator are modelled in air so [i, p' 
and their corresponding losses are defined onl y for the materi a l sllI1'o unding the 
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dipole. At this stage, the s' p ' material product is kept constant at 36 to fo llow and 
subsequently validate the previously presented theoreti cal model. The efficiency, 
frequency, bandwidth and electric fi eld va ri ati on with material rati o are compared to 
the theoretical results and their confo rmance is disp layed. 
Nex t, the performance of the cube resonator is assessed in the presence of a human 
head phantom. The fi rst design guidelines are set towards ach iev ing max imum 
effic iency and bandwidth and min imum SAR by respecti vely util ising the materia l 
compos ition and position o f the antenna in relation to the head. 
Finall y, the chapter determines how all the above guidelines app ly to a more rea li stic 
des ign. Hence, the last section is invo lved with the si mulation of a cube resonator 
antenna, wlll ch has a constant frequency of operation at 1.8 GHz and a varyll1g s' p 
material product. The cube resonator has a smaller size (30x30x30mm) and is 
simulated both in free space and in the presence of a human head phantom. The 
results, as before, indicate the dominance of the material in achiev ing maximum 
effi ciency and bandwidth and the importance of the antenna pos ition in attai ning 
111 i n i m u m S AR. 
3.2 MicroStripes ™ EM Analysis Software Overview 
Micro·Stripes™ is a powerfl.ll 3D simulation software tool, which unique ly employs 
the TLM method to so lve Maxwell 's equati ons in the time domain for the 
electromagneti c analysis and des ign of devices [2]. In the TLM method, the space is 
divided into cell s modelled as the intersecti on of orthogonal transmission line nodes 
with vo ltage pulses associated with them. Its fundamental property is that there ex ists 
a direct correspondence between fi eld components with vo ltages and c un'ents on 
transmission lines [3]. Time is divided into discrete time steps (determi ned by the s ize 
of the smallest cell) and at each time vo ltage pu lses that trave l a long the lines scatter 
at the centre of the node and go towards other nodes. At each step, the e lectri c and 
magnetic fi elds are ca lculated from the vo ltages and currents on the lines us ing 
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MaxwelJ's equations. The scattering matrix can be modified to account for dielectric 
and magneti c material s, radiating and conducting boundaries [3] . 
The duration of the simu lation is dependant on the size of the problem. Durati on of 
twenty times the largest workspace dimension divided by the speed of li ght would 
generall y be su fficient to ensure the electromagnetic field transient response has 
decayed. The duration is spec ified in terms of the distance covered in that time by 
li ght in free space and it should be set to several times the largest workspace 
dimension [2]. 
At the end of the simulati on, the completed ana lys is outputs the time-domain response 
of the circuit to the input pulse stimulus. Fourier transforms are then used to convert it 
to the frequency domain . Thus, frequency-dependent materials such as the human skin 
and brain ti ssue can eas ily be modelled. 
The user designs the geometri c model in the Build mod ule, assigns materials to the 
components, input excitations to the model and generates the mesh aro und the 
antenna. The mesh is dependent upon the operation frequency and the dielectric 
material in the model and signifi cantly affects the computation time and memory 
req uirement. Also, it has a significant effect on the accuracy of the simulation and 
deserves ca reii.Il considerati on. The simulator considers the electromagnetic fi e ld to be 
uniform within each ce ll. It is there fore essenti al fo r the cell s to be small on the sca le 
of distance over which the field vari es. To achieve thi s, the maximlll11 cell size is 
defi ned by default as ~ A" where c, is the permittivity of the dielectri c med ium 
10 c, 
and A, is the free-space wavelength . 
However, the smallest ce ll size affects the time step of the si mulati on. The time step 
reduces by a factor equi va lent to the relation between the smallest ce ll and the rest of 
them. Consequentl y, the computer nrn time increases proportionally. For thi s reason 
there ex ists a minimum cell-size limit that defaults to 1110 of the defau lt maximum 
cell size. Us ing the lumping function over se lected areas and combining small cells 
into larger groups can considerabl y improve si mulati on time. 
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In the same module the user also defines the location and type of space domain output 
at up to 50 separate frequencies. For each frequency, the simulator produces one space 
domain file for the field and surface current components and one file for the 
equivalent surface currents, which are used to obtain the far field radiation patterns. If 
an antenna is built from lossy materials, the radiation efficiency value is displayed at 
the foot ofthe far-field plot, using: 
Radiated Power 77 = ------------
Radiated Power + Material Losses 
The user may also wish to calculate: 
Antenna Efficiency = Mismatch Loss + TJ 
Gain = Directivity + Mismatch Loss + TJ 
in which case the directivity and radiation efficiency may be read from the far field 
plot and the mismatch loss obtained from the scattering parameters. 
In order to replicate the material loaded antenna analysed in the theoretical model , in 
Micro-Stripes™, losses were inserted both for the permittivity and permeability of the 
mix. The latter was accomplished through editing the TLM file to accommodate for 
the lack of this feature in the Build module. 
3.3 Material Loaded Resonators with Product E' ~'=36 
3.3.1 Material Loaded Sphere Model 
Since the model in Chapter 2 dealt with the analysis of a sphere, the frrst shape 
simulated using Micro-Stripes ™ was a 20mm radius sphere excited by dipole (wire-
fed excitation), shown in Figure 3-1. 
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Figure 3-1 - Model of spherical resonator with electric dipole source 
Chapter 3 
It was simulated for materi al with different ratios of permittivity and permeabili ty, 
keeping their product fi ' fl ' constant at 36, to comply with the theoretical analysis. 
Good matching was achieved for each ratio by adjusting the length of the dipole, 
which varied between 9 and 25.5rnm. The sphere was tested for tan" ,.,, =O, 0.01 and 
0.03. The effi ciency variation with permittivity and losses is sbown in Figure 3-2. 
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Great similarity is observed between the behaviour of the curves above and the ones 
derived from the theoretical model. As anticipated, the efficiency reduces with the 
addition of losses. [n the lossless case, the efficiency is 99.94% at c '=3, /1 '=12. For 
tang =0.01, the maximum efficiency is 68.4% at c ' =9, /I ' =4 and for tang =0.03 , &.11 ,- £ ,11 
it drops even further to 45.1 % at c ' = 18, /1 ' =2. The fact that the maximum efficiency 
points shift to different c ' / /1 ' ratios for different losses is attributed to the pragmatic 
element introduced with the simulation of realistic structures. The simulated sphere is 
excited by a realistic dipole rather than an infinitesimal source and is associated with a 
number of computational inaccuracies including the meshing and the software 's 
narrowband capability for inserting magnetic losses. All the above cause its diversion 
from the ideal world of the mathematical model where everything is canonical. The 
simulation of more material ratios at the vicinity of maximum efficiency could 
potentially make this shift less pronounced. 
The variation of the resonant frequency of the sphere with permittivity and losses is 
shown in Figure 3-3 . 
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Similarly to the theoretical model, the addition of losses does not have a significant 
effect on the resonance frequency of the sphere, which is defined mainly by the c ' 
and fL ' values. The minimum frequency, corresponding to minimum electrical size, is 
at c'= I , fl '=36 (CBC) and maximum freq uency at c' =36, fl ' =1 (!BC). Figure 3-4 
portrays the bandwidth variation for different ratios and losses. Since 
Q = 1. , it is comparable to the corresponding Q variation evaluated through 
BandWIdth 
the mathematical model. 
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Figure 3-4 - Variation of bandwidth with permi ttivity a nd 
losses for spberical resonator (tano,=tano~=tand) 
The results indicate that the addition of losses causes an increase in bandwidth and a 
decrease in Q, bearing in mind the relation presented earlier associating the two. It 
should also be noted that all three curves peak at c'=9, fL '=4, which is relatively 
close to the theoretical prediction of c ' = fl ' =6. 
The variation of the peak electric fie ld of the model (obtained from the space domain 
frequency output file) with permittivity and losses is shown in Figure 3-5. 
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The peak electric field curves are identical to the response of parameter C with 
permjttivity (see Figure 2-7). The maximum occurs at CBC where tbe near field is 
electric and it reduces by 60% at the points of maximum efficiency for the three loss 
cases. It is followed by a minimum at IDC. 
Despite the aforementioned structural differences and limjtations of the simulated 
spbere compared to the theoretical model, the simulation results establisbed good 
agreement between them and indicated the potential of the employment of materials 
to create a rugb efficiency, low-SAR mobiJe handset antenna. Nonetheless, it was 
essential to assess the material mix 's simulation response in the form of a more 
practical, non-canonical shape against the mathematical analysis. 
3.3.2 Material Loaded Cube Model 
Tbe second structure simulated was made a 40x40x40mm cube fed by an electric 
djpole, as shown in Figure 3-6. 
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Figure 3-6 - Model of cube resonator with electric dipole source 
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In the same way as the sphere, the cube was simulated for different ratios of /i ' and 
/1 ' , keeping their product constant at 36, for three types of loss tangents: 
tano, = tano" =0, 0.0 I and 0.03. In all cases, tlle length of the dipole was varied 
between 13 and 29.5mrn to achieve tbe best possible match. 
The efficiency variation with permittivity and losses is shown in Figure 3-7. 
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la the loss-less case the efficiency is 99.93% at €'=f! '=6. For tano.=tano~=O.OI and 
0.03 the efficiency is 70.5% and 41.7% at li =9, f1. ' =4 and s ' = 18, f1. ' =2 respectively 
(compared to 99.9%, 68.4% and 45.1 % obtained from the sphere). The repeated shift 
of the efficiency maxima towards ratios with higher permittivity with increasing 
losses confirms that this is a simulation related effect. 
The frequency in Figure 3-8 remains unaffected however a lowering of the frequency 
values is evident (maximum of 1.35GHz compared to 1.7GHz in the case of the 
sphere), due to the larger volume of the cube compared to the sphere. 
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The bandwidth variation of the cube shown in Figure 3-9 al so resembles the results 
for the sphere, see Figure 3-4, with all the maxima located at s' =9, ,u' =4 and their 
value decreased with the addition of losses, 
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Finally, the peak electric field curves for the cube in Figure 3-10 are identical to the 
response of the sphere and parameter C with permittivity (Figures 3-5 and 2-7 
respectively). The peak electric field value occurs at CBC and the minimum at IBC 
where most energy is stored inside the cube. Near the points of maximum efficiency, 
there is a 70% reduction in the peak electric field value. 
3.4 Micro-Stripes Simulation Results of Material Loaded Cube 
Resonator with Product E' ,..'=36 Against Homogeneous 
Spherical Phantom Head 
Section 3.3 established good agreement between the mathematical model and the 
simulations regarding efficiency, resonant frequency, bandwidth and amplitude of 
electric field for the two different shapes of resonator. The next step was to simulate 
the resonator against the model of a phantom head, to ensure that the SAR variation 
against permittivity followed the peak electric field variation as expected, and also to 
monitor the degree of antenna performance degradation in the presence of the head. 
The main interaction mechanism causing energy absorption is inductive coupling 
between the head and the near field of the antenna [4], where most energy is stored 
rather than radiated. Near fields with a high magnetic field component in particular 
have lower impedance and tend to couple more easily to human tissue [4] . Hence, in 
order to have low SAR, it is important to avoid placing those stored energy fields in 
space, which during use is going to be occupied by the head. Control of the fields can 
be achieved both by altering the topological design of the antenna and also, as 
predicted by the theoretical model in Chapter 2, by loading the antenna with dielectric 
or magnetic material . This will allow the concentration of the respective electric and 
magnetic fields into a volume close to the antenna, and will minimise the field 
incident on the user. 
Since the practical shape of the cube resonator allows it to be easily manufactured and 
positioned inside a handset, it was the one used in all simulations. It was excited using 
an electric dipole. The cube resonator was modelled in two positions with respect to 
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the head: (i) with the source dipole parallel to the head and (ii) with the source dipole 
perpendicular to the head , to obtain design guidelines regarding the effect of the 
antenna source positioning on SAR values. 
The human head model employed for this task was a 75mm radius spherical phantom 
made from dielectric material with Er=41, 0'= 1.65 S/m and p=1030 (kglm\ where Er is 
the relati ve permitti vity, 0' is conducti vity and p is density. The above parameters 
were chosen hased on studi es [5, 6] stating that homogeneous head phantoms give a 
hi gher spati al-peak SAR than non-homogeneous phantoms. III pa!ticular, it mentions 
that the spatial-peak SAR assessed in a homogeneous phantom with the properties of 
grey brain ti ssue (as above) is unlikely to be less than the actual SAR value induced 
among all potential users and under all operational conditions, i.e., it would satisfy the 
worst case criteria. The over-estimation is less than 5% for the 109 averaged spatial 
peak SAR and s ignifi cantl y less than 20% o f th e 19 averaged va lue [5]. A seri es of 
other studies [7-11 , 12,13, 15], after 1997, reach the same conclusion and a lso confillll 
that a spherical head can be used as a reasonable estimate of the peak SAR in the head 
[12-14]. An even more detail ed analysis performed in 2000 by Drossos et al. [15] 
examines a series of anatomical head models for a wide range of frequencies and 
derives head ti ssue equi va lent di electric properti es for homogeneous media that 
appropriately simulate the max imum absorption of the worst-case ti ssue composition. 
It then compares the heterogeneous and homogeneous models in the near fi eld of a 
dipole. The peak SAR values were always larger than those from non-homogeneous 
modelling. 
Currentl y, a standardi zed shape homogeneous anthropomorphic liquid-filled phantom 
has been proposed by IEEE Standards Co-ordinating Committee 34 sub-committee 2, 
to simulate the abso rbed power and SAR in the human head from wireless handsets. 
The new standard IEEE P 1529 will define the way of modelling the problem and 
procedures for the SAR assessment and averaging using FDTD simulation [1 6, 17] 
and clear the di screpancies and confusion amongst researchers. 
In addition to the above advantages, a homogeneous phantom is less memory 
intensive and requires a shorter simulation time, which is very adva!ltageous when a 
large number of simulations have to be run. 
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3.4.1 Cube Resonator with Dipole Source Parallel to Phantom 
The cube resonator used had the same size as in Section 3.3.2 (40x40x40mm) and was 
fed by an electric dipole. The head phantom was placed 15mm away from the face of 
the resonator, with the dipole source parallel to the head as shown in Figure 3-11. 
y 
Phantom 
parameters: 
£,=41 , 
cr= 1 .65 S/m and 
p= 1 030 (kg/m' ) 
wire 
dipole .4---...J 
source 
15mm 
140mm 
Figure 3-11- Cube resonator with dipole source parallel to phantom 
As in Section 3.3.2, the cube was simulated for different ratios of c ' and f.1 ', keeping 
their product constant at 36, and for three types of loss tangents: tan oe = tanJ" =0, 
0.01 and 0.03. The installed efficiencies with permittivity and losses are shown in 
Figure 3-12. 
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Figure 3-12 - Variation of efficiency with permittivity and losses for cube 
resonator with dipole source parallel to the phantom (tano,=tano.=taod) 
The efficiency peaks near the region where c ' = p ' , and the maximum shifts towards a 
higher c ' with increasing losses, The effect of losses on efficiency is of equivalent 
magnitude as in the head's absence however the maximum efficiency values are now 
greatly reduced (! 7%, 18% and 13% reduction respectively) due to the presence of 
the head, The head acts as an additional loss, results in lower efficiency values 
compared to free-space conditions and a reduction of the power available for radiation 
into the far fie ld, The frequency variation of the cube resonator in the presence of the 
phantom is shown in Figure 3-13, 
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resonator with dipole source parallel to the phantom (tanli,=tanli.=tand) 
Yet again, the increasing material losses have very little effect on the frequency 
variation. Similar to when the head is not present, the minimum frequency point is 
0.68 GHz and the maximum 1.35 GHz. This establishes the insignificant effect of the 
phantom's presence and the fact that material loaded antennas have reduced 
sensitivity to objects in close prox imity. 
The same conclusion can be reached by looking at the bandwidth variation of the cube 
resonator in the presence of the phantom in Figure 3-14. 
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Figure 3-14 - Variation of bandwidth with permittivity and losses 
for cube resonator with dipole source parallel to the phantom (tan i>,=tani>,,=tand) 
The curves follow the usual pattern and peak near e' - J.l ' . The maxima are located at 
e' =9, J.l ' =4. The bandwidth values are 13%, 42% and 52% for tanoc ,,, =0, 0,01 and 
0,03 respectively and are slightly reduced compared to 17%, 45% and 50% achieved 
when the head isn ' t present. 
The I g and 109 peak SAR values were obtained directly from the software and were 
calibrated to the power delivered to the antenna [19]. This accounted for the reflected 
power due to the antenna mismatch, It was tagged as "Power IN" and could be easi ly 
read off a graph at 1.8 GHz. A typical handset has a maximum delivered power of 
21 dBm (l25m W) at 1.8 GHz to meet its operational link budget (peak power of I W 
divided between 8 time slots) [20]. This power value was used to normal ise the SAR 
values obtained and allowed the production of Figure 3-15, which shows the 10gSAR 
variation with material losses, 
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for cube resonator with dipole source pa rallel to t he phantom (tano,=tano.=tand) 
The plots resemble the profile of parameter C from the theoretical model analysis 
describing the amplitude of the external fields (see Figure 2-7) and also the peak 
electric field variation (see Figure 3-10), The 10gSAR is maximum at CBC, where 
most energy is radiated, and minimum at mc, where most energy is stored. The 
material losses reduce the 10gSAR value significantly but in all cases, at the points of 
maximum efficiency, it is decreased by up to 70%. The peaks in the graphs indicate 
the increased coupling between the antenna and the head. 
The far field radiation patterns for 5 ' = ji ' =6 and 5' =36, ji ' =1 (tano •. !' =0) are shown 
in Figure 3-16. Comparing the two patterns, one can observe the effect the 5 ' / ji ' ratio 
has on the amount of energy absorbed by the phantom. The black graph, representing 
the far fie ld for 5 ' = ji ' =6, is considerably reduced in the direction of the head in 
relation to the red graph for 5 ' =36, ji ' =1. This means that more energy is dissipated in 
the phantom rather than reflected off it. In the opposite direction to the head the 
situation is reversed, with the black graph radiating more than the red one, This is in 
agreement with the conclusions reached during the analysis of the efficiency graphs 
(page 3-15). 
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Figure 3-\6 - Far field radiation patterns for £'=,,'=6 and £'=36, ,,'= \ 
for cube resonator with dipole source parallel to the phantom (tano,=tano.=tand) 
3.4.2 Cube Resonator with Dipole Source Perpendicular to Phantom 
The same set of simulations was run with the dipole source rotated by 90° in order to 
position it perpendicular to the phantom head, as shown in Figure 3-17. 
y 
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c,.=41 , 
0= 1.65 S/m and 
p= I 030 (kg/m' ) 
L x 
wire dipole 
source 
perpendicular .4----
10 phantom 
15mm 
140mm 
Figure 3-17 - Cube resonator with dipole source perpendicular to phantom 
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The effects of directing the dipole null towards the phantom on efficiency, frequency, 
bandwidth and SAR were examined. 
The efficiency variation with permittivi ty and losses is presented in Figure 3-18. 
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Figure 3-18 - Variation of efficie ncy with permittivity and losses 
fo r cube resonator with dipole source perpendicular to the phantom (tano,=tam'>.=tand) 
The effi ciency maxima are 84.0% at E ' =9, fL ' =4 ( tan" , ," =tand=O), 66.1 % at 
E' = 9, fL ' =4 ( tan" "p =tand=O.O I) and 43.5% at E' =9, fL ' =4 ( tan" "p =tand=0.03). 
A significant increase is observed when comparing the aforementioned values with 
the ones of Figure 3-1 2 for the dipole source paral lel to the phantom (83%, 53.5% and 
29.2%). The new positioning reduces the interaction between the dipole and the 
phantom. Hence, the phantom absorbs less energy and higher efficiency values are 
achieved. 
Comparing the frequency variation with permittivity in Figure 3-19 (dipole source 
perpendicular to phantom) and Figure 3- 13 (dipole source parallel to phantom), 
consistency is observed both in the graph behaviour as well as the frequency values, 
which present a max in1Um divergence of 44 Hz throughout the complete set of 
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product ratios. This reinforces the assumption made regarding the reduced sensitivity 
of dielectrical ly loaded antennas to objects in close proximity. 
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Figure 3-19 - Va riation offrcquency witb permittivity and losses 
for cube resonator with dipole source perpendicula r to the pba ntom (tanli,=tanli.=tand) 
The bandwidth variation with permittivity is shown in Figure 3-20. The trend is the 
same as in the case when the dipole is parallel to the head (see Figure 3-14) but the 
values are increased due to the reduced effect the phantom has on the resonator. The 
maxima are 44.0%, 49.9% and 54.4% for tanoe " , =0,0.0 1 and 0.03 respectively. 
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Figure 3-21- Variation of 10gSAR with permittivity and losses 
for cube resonator with dipole source perpendicular to tbe phantom (tano,=tanO.=tand) 
The most pronounced effect of the positioning of the dipole source in relation to the 
phantom is observed in the I OgSAR variation shown in Figure 3-21 . 
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The behaviour of the graphs is identical to the variation of parameter C (Figure 2-7), 
with the SAR values decaying as the product ranges from CBC to !BC. At c' = p.' =6 
where the efficiency is maximum (Figure 3-18) the SAR demonstrates an average 
drop of 70% for all three graphs. The graphs are much smoother than for the case of 
the dipole parallel to the head. This is a clear indication of the reduced interaction 
between phantom and resonator. Comparing SAR values with the cases of the dipole 
parallel to the head (Figure 3-15), they are reduced by 25% throughout the range of 
c ', p. ' ratios. These findings are a strong indication of the importance that the source 
positioning will have on SAR when designing a handset antenna material loaded 
resonator. 
The reduced interaction between the resonator and the phantom due to the positioning 
is also observed when looking at the far field pattern of l:= p. ·=6 and 5 '=36, p. ·=1 
(tanS =0) presented in Figure 3-22. Both radiation patterns remain dipole-like with 
the null pointing to the phantom and the effect of its presence being minimal. 
• , 
r _ ~ 
o , ., 
- ., 
I . , 
, " ~_~~-----------1~----------~~-
J 
- ~ 
£'=~t '==6 
c·~3 6. u '~ 1 -
Figure 3-22 - Far field radiation patterns for £'=)1'=6 and £'=36, )1'=1 
for cube resonator witb dipole source perpendicular to tbe phantom 
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3.5 Material Loaded Cube Resonator at 1.8 GHz 
Section 3.4 determined the validity of the theoretical model described in Chapter 2 
even for non-canonical structures and provided the guidelines to achieve maximum 
efficiency and bandwidth and minimum SAR by uti li sing material composition and 
source posi tioning. This Section moves towards a more realistic design and attempts 
to determine the soundness of these guidelines for a resonator that is smaller in size 
(30x30x30mm cube) and whose resonance is held constant at 1.8 GHz. 
The 30x30x30rrun cube resonator was modelled as in Figure 3-6. In order to maintain 
the resonance frequency at 1.8 GHz, the c ' , Jl ' product was al lowed to vary. The 
source element was again a wire-fed electric dipole, which was envisaged to gain 
further size reduction in the practical case by becoming a ground plane with a 
monopole. As in Section 3.3.2, simulations were run initially without the presence of 
a phantom. The length of the dipo le was varied between 11 and 20 mm to achieve a 
good match and maximum efficiency for each ratio. 
The efficiency variation with permittivity and increasing losses is shown in Figure 3-
23. 
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Figure 3-23 - Variation of efficiency with permittivity and losses for 
constant freq uency resonator (tano,=tano.=tand) 
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The efficiencies are 99.9% (,s ' =4.5, J.t" =5.57), 76.9% (,s ' =6, p ' =4.38) and 49.7% 
(,s ' =9, p ' =3.3) for tano&.~=O, 0.0 I and 0.03 respectively. The trend of efficiency 
reduction with increasing losses and maxima occurring where the ratios of 
permittivity and permeability are almost equal fo llows on from Chapter 2 and 
Sections 3.3 and 3.4. The bandwidth variation is shown in Figure 3-24. 
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Figure 3-24 - Variation of frequency with permittivity and losses for 
constant frequency resonator (tano,=tano.=tand) 
The maximum bandwidth points are located at ,s ' =9, p ' =3.3, near the optimum mix 
of permittivity and permeability, for all three loss tangents and are 7.2%, 8.0% and 
13.8%. 
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3.6 Micro-Stripes Simulation Results of Material Loaded Cube 
Resonator at 1.8GHz Against Homogeneous Spherical Phantom 
Head 
As in Section 3.4, the cube resonator was simulated against a homogeneous spherical 
phantom to test the issue of antenna perfo rmance degradation due to radiation 
absorption by the human tissue. The phantom had exactly the same dimensions and 
characteri stics and was placed l5mm from the face of the 30x30x30mm cube 
resonator. It was tested in two positions with respect to the source dipole: (i) parallel 
to the source dipole and (ii) perpendicular to the source dipole. 
The efficiency variation for both positions is shown in Figure 3-25. 
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Figure 3-25 - Variation of efficiency with permittivity and losses for 
constant frequency resonator against phantom (tan/).=tan/).=tand) 
The addition of the head has no effect on the trend of efficiency with material ratio, 
which always peaks at the region where 6·=4.5, /1 ·=5.5. The points of maximum 
efficiency are in the region of 65% fo r tano=O.OI and 42% for tano=O.03. Clearly, the 
orientation of the dipole in relation to the phantom influences the efficiency values. [t 
can increase them by up to 5%, depending on the losses in the surrounding material. 
[n conclusion, parallel positioning of the source to the head is not advisory as it leads 
to increased coupling and reduced radiation to the far fi eld. 
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Figure 3-26 - Variation of bandwidtb witb permittivity and losses for 
constant frequency resonator against pbantom (tano.=tano.=tand) 
The bandwidth variation in Figure 3-26 also remains unaffected by the presence of the 
head and leads to the same conclusions regarding the positioning with improvements 
of up to 5% resulting from the perpendicular orientation. 
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The J OgSAR variation for constant operation at 1.8GHz is shown in Figure 3-27. For 
the parall el orientation of the source in relation to the phantom, it follows a different 
trend to what was observed when the material product was kept constant. The 
increased coup Ling results in increased power exchange between the head and the 
antenna and leads to a jagged graph that remains relatively low where the efficiency is 
maximum (c' =4.5 , 1/ =5.5) and peaks following the e ffi ciency tail off. This occurs 
because after the point of peak efficiency the antenna changes from being electric to 
magnetic and as a result the head absorbs more power due to inductive coupling. The 
increase in losses damps out this effect and makes the transition smoother. 
When the dipole source is oriented perpendicular to the phantom there is minimum 
coupling. This leads to a smoother variation of SAR with pem1ilti vity that peaks at the 
point of max imum efficiency and that has values reduced by 85% and 90% compared 
to the parallel orientation for ta11 o=O.O I and tano=0.03 respectively. The reduced 
coupling is a lso refl ected in the 10gSAR val ues at IBC and CBC, which now remain 
at similar levels. 
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3.7 Summary Comments 
This chapter dealt with the simulation and testing of practical resonator antennas, to 
check if they complied with the gold standard of the theoretical model presented in 
Chapter 2. Initially a 20mm radius sphere and a 40x40x40rnm cube were modelled 
with thei r material product kept constant at 36. Their variations of efficiency, 
freq uency, bandwidth and amplitude of electric fields for different material ratios 
fi rmly endorsed the ones predicted from the theoretical model, despite their 
significant structural differences. Maximum efficiency, bandwidth and electric fie lds 
of low amplitude were recorded for a material mix with 8 '-p ' . 
The cube resonator was then modelled against a phantom head in two positions: with 
its dipole ource paraLlel and perpend icular to the head. Although in both cases the 
variations of efficiency, bandwidth and SAR with material ratio were similar to the 
ones without the head, the actual registered values between the two posi tions varied 
significantly. The results highlighted the significance of the dipole position in 
controlling the amount of energy lost inside the head (i.e. SAR) and the consequent 
reduction in efficiency and bandwidth. 
The simulations were repeated for a more realistic antenna design, which consisted of 
smaller (30x30x30 mm) cube with constant fTequency of operation at 1.8GHz. The 
results are summarised in Table 3-1, for the 30x30x30mm cube with tanO=O.OJ . 
Efficiency (%) 10dB Maximum 109 SAR (W/kg) at 
tan&=O.OI Bandwidth (%) Maximum Maximum SAR (Wfkg) Max. Efl". 
Cube resonator 76.9 7.9 N /A N /A 
no pbantom (£'=6, /1 '=4.38) (£ '=9, /1 '=3.32) 
Cu be resonator 
witb dipole 65 .0 6.0 0.55 0.31 
parallel to (£'=4.5, /1'=5.5) (£ '=6, /1'=4.62) (1';'=9, /1 '=3.4) (£'=4.5/1'=5.5) 
phantom 
Cube resonator 
witb dipole 67.5 9.5 0.07 0.Q7 
perpendicular (E'=6, /1'=4.2) (E'=6, /1'=4.2) (E'=4.5, /1'=5.5) (E'=6, /1'=4.2) 
to pbantom 
.. Table3-1 - Effect of position on effiCiency, bandwidth and SAR of cube resonator 
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Clearl y, when the dipole is perpend icular to the pbantom the effect of the losses is less 
pro nounced. Po inting the dipole null towards the head reduced the rad iati on lost and 
res ulted in increased effi ciency and bandwidth and 10gSAR va lues reduced by 87%. 
Tlli s establishes that the dipo le source pos itioning dominates in minimis ing SAR 
while the materi al is respons ible for maintaining efficiency and bandwidth at 
max imum levels. 
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CHAPTER 4 
Measurements and Comparison to Simulations 
4.1 IntJ'oduction 
Following the extensive mathematical ana lysis in Chapter 2 and its computational 
validati on in Chapter 3, the aim o f thi s chap ter is the measurement of the material 
coated antenna and its compari son to si mulations, to detennine the convergence 
between the experimenta l and simulation results. 
The materia l required for the resonator should contain lo w dielectric and magnetic 
loss through the 1.8GHz band, and have an effecti ve relative permeability greater than 
4 [ I]. The chapter initiall y explores all commercia lly availab le options, highlighting 
the lack of suitable materia ls with penneability greater than unity at microwave 
frequencies [2]. Several materials such as hexagonal ferrites, wh ich have been 
reported to have signifi cant pemleabi lity values over narrow frequency ranges [I], are 
investigated in order to overcome this difficulty. 
Three di fferent materi al samples are obtained and presented in Section 4.3. Even 
though their properti es differ from the ones initiall y targeted, three sample antennas 
are constructed out of them and their rad iation efficiency and SAR measurem ents are 
perfoll11ed by means of the anechoic chamber, Wheeler Cap method and the SPEAG 
Dosimetric Assessment System (DA$Y 4) [3]. The corresponding results are 
presented in Sections 4.4 and 4.5. The comparison of the measurement and simulation 
resu lts prove critical in detennining the dependab ility of the simulation package as a 
reliab le prediction too l for the behaviour of the material coated antenna. 
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The chapter concludes with a stud y perfolllled to assist with the choice and 
dep loyment of commercially available materials. It examines two composi te antenna 
versions consisting of layers of ceramic and magneti c materia ls whereby their 
parameters can to some extent be chosen independently of one another. The results 
indicate the importance of the material homogeneity in realising the bandwidth and 
effici ency potential ofthis type of antenna [4]. 
4.2 Ex isting Materials and their Characteristics 
Ferrites are wide ly used in the manu factu re of several electronic goods. There are two 
basic types of ferrite: hard ferrite and soft ferrite. Those designations can be 
misleadi ng, because they refer to magnet ic, rather than physica l properties. Both types 
are physica ll y rigid cerami c crystalline materi al. However, the magneti zati on of hard 
fe rrite is permanent in the sense that its magneti c field strength decays very littl e wi th 
time after magneti zation. The magnetization of soft felTite is temporary in the sense 
that its magneti c fi eld strength decays very quickly with time. Hard fe lTites are used in 
permanent magnet applications such as magnet ic door latches, loud speakers, and 
microwave oven magnetrons. Soft ferrites are used to make inductors, transfomlers 
and radio freq uency interference filters [5] . At microwave frequencies, fe rri tes exhibit 
high losses and for thi s reason they are commonly used as absorbent coatings on walls 
of anechoic chambers and on the ex teri or surfaces of military ai rcraft and vehicles to 
achieve radar invis ibi lity [6]. 
For antenna app li cations, ferrites with high losses and soft ferrites (e.g. calcium 
vanad ium [7, 8]), which need to be externall y biased, are undesirable. 1n addition, 
there is a considerab le deal1h of ferrite having a relative pelllleability significantly 
greater than unity at around 2GHz and thi s generates difficulties in attaining the 
requ ired material. An extensive market research was performed and the outcomes 
were di scouragi ng, with most ferr ites not even reaching the microwave band (e.g. 
CoBa) and the rest hav ing either too smal l pelllleabi lity (- I) or too high losses 
(» 1.0)[9, 10] . 
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Another class of materi als, called hexagonal ferrites, exhibit significant pelmeabili ty 
va lues (- 5) over narrow frequency bands and fairl y constant permitti vity va lues (10-
30) over a wide fi'equency range. The basic structure of a hexagonal ferrite is 
AFe120 19, where A is a di valent metal ion (e.g. Ba, Sr, or Pb). The vari ous types of 
hexagonal ferrites have differing resonant frequencies ran gi ng over the microwave 
and millimetre bands [2]. They have been the subject of much research and indicated 
to be a viable so lution fo r the manufacture of the antenna prototype. 
Hexagonal ferrites can be manufactured in many ways but such a procedure would be 
lengthy, costl y and di verge fTom the scope of this proj ect. Hence, market avail able 
resotll'ces were inves tigated. Unfortunately, the magnetic losses included in the 
majority of the ava il able fe rrites were once more inappropriate fo r antelUla 
applicati ons [11 ]. 
Fo llowing further research, three ferri te-loaded samples were obtained. A ll samples 
had a pel1l1 eabili ty sli ghtly greater than one and two o f the three also had the desired 
magneti c losses. Even though their materi al characteri stics were sati sfactory, the 
nature of their size and shape did not constitute any of them suitable for the 
manu facture of the prototype low-SAR materi a l loaded antenn a. Nevertheless, they 
were measured to get a fee l for the behav iour of a materi al coated monopole 
compared to a [Tee-space monopole and to test the accuracy o f the simulati ons. The 
material samples were each placed on a 250 x 250 mm alullliniulll gro und plane and 
fo mled three antennas whose properties are analysed in the Secti on 4.3 that follows. 
Their efficiency and SAR measurement and corresponding results are presented in 
Sections 4.4 and 4 .5 respecti vely. 
4.3 Material Samples and Corresponding Antennas 
Sample has the fo llowing properti es: s' = 5.5, Ji' = 1. 5, tan 8 , = 0.03 
and tan 8" = 0. 14 . Tt was provided in the fo rm of a di sc with dimensions shown in 
Figure 4-1. 
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1 
11.7cm 1.I'i.'icm 
1.76 cm 
Figure 4-1 - Dimensions of Sample 1 
The dimensions that would make the material coated monopole resonate at \.8 GHz 
were determined using simulations. Taking into consideration the material's irregular 
form, it was decided the most suitable shape would be an approximate block of 
SOxSOx 18 mm. A I mm hole was dri ll ed at its centre to host a 15 mm long monopole. 
The Sample I antenna resonates at 1.83 GHz with an SI1 of - 14 dB and is shown in 
Figure 4-2. 
Figure 4-2 - Sample 1 material and corresponding antenna 
The disadvantage of Sample 1 is that its magnetic losses are almost three times the 
ones desired. Hence, it was expected that most of the radiation would be lost in the 
antenna and the efficiency would be very low. The sample was measured fo r 
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efficiency using the Wheeler Cap method and an anechoic chamber. Following, its 
SAR was measured at 1.8GHz using the DASY 4 and compared to a free-space 
monopole. 
Sample 2 is Emerson and Curning's MFI12 iron loaded epoxy material [12). It has the 
fo llowing properties: c ' = 5.2, 1" = 1.5, tan 0. = 0.05, and tan 0" = 0.03. The material 
was provided as a cuboid with length, width and height of 25, 25 and 27mm 
respectively. 
Similarly to Sample 1, a I mm hole was drilled at its centre to host its 12 mm 
monopole. Although intended for screening purposes, this material has ideal magnetic 
losses, unlike Sample I. However, its pre-determined size means it cannot resonate at 
a frequency lower than 2.4 GHz. The antenna with Sample 2 resonates at 2.45 GHz, 
has an S 1I of - 18dB and 44% -I OdD bandwidth. As a result only efficiency 
measurements can be performed, using the Wheeler Cap method. Anechoic chamber 
efficiency measurements were not possible due to the unavailability of standard 
dipoles at 2.45 GHz. The antenna is shown in Figure 4-3. 
Figure 4-3 - Sample 2 material and corresponding antenna 
Sample 3 is a commercial ly available 2 mm thick flexible sheet of ferrite-loaded 
material of unknown characteristics, intended for use as a white board marker. The 
material was cut in 20mm square pieces, which were stacked to form a rectangle of 30 
mm height and had a Imm hole at its centre. The antenna resonated at 2.43 GHz (-
10.6dB) with a 12 mm monopole probe. The c 'p ' product of this material had been 
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approximately ascertained by some initial testing and its properties were estimated 
from the convergence of the simulations to reality. It was curve fitted and assessed to 
have the following properties: [; = 4.3, Ji ' = 1.4, tan 6e = 0.03, and tan 6" = 0.02 . 
Sample 3 was measured for efficiency using the Wheeler Cap and is shown in Figure 
4-4. Similarly to Sample 2, its measurement in the anechoic chamber was not 
possible. 
Figure 4-4 - Sample 3 material and corresponding antenna 
In addition to the above material coated monopoles, a free-space monopole antenna 
on a 250 x 250 mm ground plane was also constructed and measured. The monopole 
was 39.5 mm long and resonated at 1. 77 GHz with a return loss of - 19dB. It is shown 
in Figure 4-5. 
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Figure 4-5 - 1.8 GHz monopole antenna 
4.4 Efficiency Measurement Methods and Results 
Efficiency measurements were performed on the three sample antennas by means of 
the Wheeler Cap method, whereas Sample 1 antenna was also measured using an 
anechoic chamber. 
4.5.1 Wheeler Cap Method 
The efficiency of any antenna is defined as : 
R. 
'7 = ---"---
R. +RJ. 
(I) 
where R" is the radiation resistance and RI. is the loss resistance. This includes 
ohmic losses in the antenna wires as well as losses in any tuning or matching 
networks considered as part of the antenna. The quantity RH + RI. is the real part of 
the antenna input impedance and can thus be determined easily. This leaves the 
problem of determining what part of the power input to the antenna is due to radiation 
and what part is due to ohmic losses [13]. 
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A The rad iansphere is a hypothetical sphere having a radius equal to from the 
2rr 
centre of an antenna much smaller than the sphere. It marks the transi tion between the 
near field inside and far fi eld outside. The radiation fi eld comprises stored energy and 
radiating power, the former predominat ing in the near fi eld and the latter in the far 
fi eld . The radiansphere is a measure of the "sphere of influence" of an antenna. 
Whee ler [I J] sugges ts that enclos ing the antenna with a conducting sphere of radius 
Cl equal to the radi ansphere, will eliminate RH from the input impedance withou t 
significantl y changing RL • This assumes that the sphere causes no change in the 
current di stribution of the antelU1a. If thi s assumption is correct, the real part of the 
input impedance wi th the sphere in place wi ll be RL • Thus, by making two impedance 
measurements, one without the sphere and one with the sphere in place, one can 
determine the antenna efficiency using ( I). Us ing standard equipment such as a 
network analyser with Smith chart overl ay, one can quickly and eas ily measure 
RH + RI. and ilL' and therefore efficiency [1 3]. 
Later the method has been applied mainly to antelUlas having a ground plane by 
covering them with a cap and it has been shown that the shape and size of the cap can 
be chosen quite free ly provided the current distribution oflhe antenna is not disturbed, 
good contact is mai ntained between the edge of the cap and the ground plane and cap 
resonances are avoided [14]. 
Wheeler 's method is regarded as one of the most accurate for measuring electricall y 
small antennas and has become a standard test technique [I 5J. 
4.5.2 Anechoic Chamber 
Anechoic chambers are used for the far field measurements of sma ll antennas. There 
are two basic forms, depending on the freq uency of operation: rectangular chambers 
and tapered chambers. The antennas are placed in the middle line of the chamber with 
the source antenna and the antenna under test being placed across from each other at a 
fixed distance [13). The walls of the chamber are covered with absorbing material , to 
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create a reflection-less free space and allow all-weather antenna measurements in a 
controlled laboratory environment (1 3]. The radiation patterns (amplitude and phase) , 
polarization, and gain of an antenna, which are used to characterise its radiation 
capabilities, are measured on the surface of a constant radius sphere. Since the 
distance between the two antennas is fixed, only two angular coordinates ce, q» are 
needed for positional identification using the spherical coordinate system. 
The chamber used during the course of the experiments was a rectangular chamber of 
dimensions 3m x 3m x 7m with the largest absorber reaching down to 500MHz. The 
chamber is controlled by an HP 8753D VNA with a frequency range of 30kHz to 
6GHz. The chamber is shown in Figure 4-6. 
Figure 4-6 - Loughborough University anecboic cbamber 
4.5.3 Efficiency measurement results 
Sample 1 antenna and the free-space monopole were the first ones to undergo the 
Wheeler Cap experiment, using a 73mm diameter cap, which satisfied the 
radiansphere limitation. Samples 2 and 3 were measured with a 67mm cap. Sample 1 
antenna efficiency was also measured using the anechoic chamber. 
Following the measurements, the three sample antennas and the free-space monopole 
were simulated to determine the agreement of the measurements with Flomerics 
Micro-Stripes@ simulation package. The results are shown in Table 4-1 . 
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MEASURED SIMULATED 
ANTENNA WHEELER ANECHO IC 
TY1>E 
f. fo Efficiency (%) 
CAP EFF. CHAMBER 
(CHz) (%) .EFF. (%) (CHz) 
Free-space 
1.70 87 86 1.77 88.0 
monopo le 
Sample I 
antenna 
(Er=5.5.Pr= I.5 1.83 15 13 1.78 17.0 
13110(=0.03, 
1:1110,=0.(4) 
Sample 2 
antell na 
(lr=5.2,Jl.r= I.S 2.45 63 N/A 2.41 66.5 
1:111 0(=0.05, 
1:1110,=0.03) 
Sample 3 
anten na 
(,,=4.3,~,=1.4 2.43 83 N/A 2.42 78 .0 
laIl D,=0.03, 
1:1110 ,=0.02) 
. - . Table 4-1 - Eff IcIency measuremeut aud slnlUlatlOn resu lts 
As expected, the effici ency of the free-space monopole is the highest. The efficiency 
of Sample I antenna is the lowest (- 15%) and is attributed to the high magnetic losses 
contained in the material. Sample antennas 2 and 3 exhibit satis factory efficiency 
values at 2.45 GHz. Tt should be pointed out that even though the Sample 2 antenna 
material losses are on ly sli ghtly higher than those of Sample 3, they result in a major 
20% reduction in its efficiency value. 
In all antenna types, the agreement in efficiency between the Wheeler Cap method 
and the anechoic chamber measu rements is very good, especially considering the 
± 5% tolerances of the measurement methods. The same comment can be made when 
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comparing the measurement and simulation effi ciency results. The excell ent acco rd 
between them substanti ates the software as an accurate and reli able prediction too l. 
4.5 SAR Measurement and Results 
The specific absorvtion rate (SAR) has been recognised as one of the most important 
var'iab les quantifying the EMF interact ion with the human body. Several regul atory 
bodies have developed standards and regulations regarding SAR measurement and 
levels, in an effort to ensure human safety. For thi s proj ect the measurements were 
performed using the automated near fi eld scanning system DASY 4 [3) system owned 
by the Centre of Mobile Communications Research group at Loughboro ugh 
Uni versity. 
4.5.1 DASY 4 System 
The system is shown in fi gure 4-7 and compri ses of the following [3): 
• A standard high precision 6-ax is robot which can position a probe with O.2mm 
accuracy 
• A dosimetri c E-fie ld probe opti1l1ised and cali brated for use 111 ti ssue 
simulating liquid 
• A data acquisition electronics (DAE) unit, which performs the signal 
amplification, AID conversion and optical transmission to the E lec tro-optical 
converter. 
• The Electro-optical con verter (EOC) that perfo rms the convers IOn of the 
opt ica l and electrica l signals for the digital communicati on to the DAE and for 
the analog s ignal from the op tical surface detection. The EOC is cormected to 
the measurement server. 
• The measurement server whose function is to perform the time critical tasks 
such as signal filtering, control oftbe robot operation and fast movement 
interrupts 
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• A SAM fibre-glass phantom enabling right-hand and left-hand usage 
• Tissue simulating liquid mixed according to given recipes for different 
frequencies, defined according to corresponding compliance standards 
• Validation dipole kits 
Figure 4-7 - T he DASY 4 measurement system 
The E-fie ld probe contains three 3mm dipoles placed in a triangular formation, 
orthogonal to each other. All dipoles are directl y loaded with a Schottky diode and 
pass on the measured data to the DAE through high resistive lines. Their triangular 
formation allows for an optical surface detecting system to be placed at the centre of 
the probe, permitting its accurate positioning to the phantom'S surface. 
The algorithm to find the cube with highest averaged SAR is divided into the 
following stages (1 6). 
• The SAR is initially measured at every point on a course 3-D grid in a pre-
selected vol ume. 
• The measured data is extracted and the maximum is identified. 
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• Afterwards, a fine 3-D grid around the previously detected maximum IS 
measured. 
• The I g or 109 average SAR values are interpolated from the fine grid results. 
The procedure is completely automated and very time effi cient [1 5]. 
4.5.2 SAR Measurement Results 
Sample I antenna, shown in Figure 4-8, was placed 15 mm away from the phantom 
head and was measured for SAR. 
Figure 4-8 - Sample 1 antenna SAR measurement 
The antenna was powered by a continuous wave source at 1.8 GHz. Using a power 
meter, its amplitude was measured to be 12.4 1mW. The recorded SAR val ues were 
normalised to 125m W, an industry standard for this frequency, and they were 0.11 
W/kg and 0.05 W/kg for IgSAR and 10gSAR respecti Vely. 
When measuring lossy antennas, it is imperative to adjust the SAR values to account 
for their reduced efficiency [ 17]. This way, the radiation lost ill the antenna is taken 
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into account and the amount of radiation absorbed by the phantom is accurately 
determined and not underestimated. The system loss is calculated using equation (2) : 
1 System Loss = 1010g,o(- ) dB (2) 
eff 
The graph in Figure 4-9 is produced, indicating the loss factor that corresponds to 
each efficiency value. The existing SAR values are then divided by the loss factor to 
obtain their modi fi ed counterparts. 
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Figure 4-9 - System loss against efficiency 
The efficiency of Sample 1 antenna in free space had already been deterrnined to be 
15%, which corresponds to a system loss of 8dB and hence a factor of 0.158. 
Therefore, the modified SAR values are 0.69W/kg and 0.31 W/kg for I gSAR and 
10gSAR respectively. 
Following the measurement, Sample 1 antenna was simulated using Flomerics Micro-
Stripes® simulation package. Unlike DASY 4, the simulations take account of the 
antenna losses during the SAR measurement. The values obtained were normalised to 
125 m W. The results are shown in Table 4-2. 
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IgSAR OASY 4 IgSAR simulated IOgSAR OASY 4 IOgSAR simulated 
Sample I 
0 .69 W!kg 0.65 W!kg 0.31 W!kg 0.21 W!kg 
antenna 
Table 4-2 - Measured and simulated SAR results 
The agreement between the measurement and simulation is very sati s factory and the 
acc uracy o f the simulation package regarding SAR measurements is verifi ed. 
4.6 Composite Antenna 
Bearing in mind the encountered material unavailability, efforts were made to 
investi gate the potential benefi ts out of constructi ng a composite antenna, operating at 
1.8 GHz. Since the materi al parameters cO llld be chosen independentl y, it constituted 
a way of potentiall y overcoming the aforementioned inconvenience. 
As a first step, a 30x30x30 mm composite block antenna was simulated, conta ining at 
its centre a dipo le source placed on the x-ax is. It consisted of a single layer of ferrite 
materi al o f 10 mm width in the middle region around the dipole centre. The remainder 
of the antenna volume consisted of di electri c materi al alone. It is shown in Figure 4-
10. 
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y 
~ x 
Figure 4-10 - Single layer ferrite composite antenna 
The loss tangents used in the dielectric and ferrite parts were tano, =0.01 and tano~ = 
0.03 respectively. 
The efficiency and bandwidth response of the single ferrite layer composi te antenna 
were obtained and compared to those of an antenna with identical size and loss 
tangents but with a homogeneous material mix of dielectric and ferrite. 
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The efficiency and bandwidth vari ati ons of the single ferrite layer antenna resemble 
the homogeneous mix antenna. However, both responses are reduced by 10% and 7% 
respecti vely compared to their homogeneous mix counterparts. These reducti ons in 
effi ciency and bandwidth are attributed to the overall much hi gher c',,' materi al 
product used in the single ferrite layer compos ite antenna. Max imum efficiency and 
bandwidth are obtained when the layers comprise of ,, ' = 8.95, c' = 12 and p ' = 8.08, 
c ' = 9.9 respecti vely across the boundary, and hence the change in wave impedance 
and refl ections are min imal. 
As an additional test, the width of the ferrite layer was increased further, from 10mm 
to 16mm. The effi ciency and bandwidt h responses remained identi cal but w ith their 
max imum values fUl1h er reduced due to the additi onal losses introduced. 
Clearl y, the single fe rrite layer compos ite confi guration is not capable of substituting 
the homogeneous antelUl a since the main bene fi ts of including ferrite in the antenna 
calUlot be reta ined. This led to the nex t step, which tested how a woodpi le material 
effect would influence the behav iour of the antenna. 
A composite antelUla consisting of altern ate layers of di electri c and fe rri te materi al 
was simulated. The block was di vided into twelve 2,5 mm layers, with two adj acent 
fen'ite layers in the middle surrounding the dipole. The dipole was placed on the x-
ax is. It is shown in Figure 4-1 2. 
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DIELECTRIC 
Figure 4-12 - Multiple layer ferrite composite antenna 
The effi ciency and bandwidth response of the multiple layer composite antenna are 
shown in Figure 4- 13. 
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The amount of JI necessa ry to make the multiple layer compos ite resonate at 1.8 
GHz is slightl y increased compared to the one required by the single fe rrite layer 
compos ite antel1Jl a. As indicated by the graphs in Figure 4-1 3, the antenna efflciency 
and bandwidth vary in similar fashion to the ones in Figure 4-11 , with the maxima 
occurring at the point where [;' - JI'(JI'= 13, [;' = 12). However, the maximum 
efficiency and bandwidth values observed are improved compared to their single 
fe rrite layer counterparts. This is attri buted to the im proved homogeneity o ri ginated 
by the multipl e layer woodpil e effect. It is beli eved that the addition of more layers 
and a s light increase in p ' , wo uld improve the effi ciency and bandw idth even further. 
Still , compared to the homogeneous mi x antenna, the mUltiple layer composite 
antenna needs fo ur times as much permeability and results in e ffi ciencies reduced by 
12%. Therefore, the composite antenna is inapprop ri ate for use and the importance of 
materi al homogeneity in obtaining optimum antenna perfo rmance is highli ghted. 
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4.7 Summary Comments 
This chapter, which builds on the simulation results in Chapter 3, initially intended to 
manu facture and measure the materi al loaded resonato r antenna. However, research 
into different types of ferrite, indicated that such a task was not feasib le. The ex ist ing 
materia ls either did not have the req uired parameters or had excess ive losses, which 
constituted them unsuitab le for use in an antenna. It was conc luded that the desired 
materia l was not available in the market and the on ly possibili ty would be to 
manufacture the material mix using hexagonal ferrites, which ev idence shows have 
the required characteristics. The increased complexity as well as the time and 
financial demands of thi s task, tranSfOI1l1ed it into a separate research project, which 
cou ld not be taken up. 
Instead, th ree different ferr ite loaded material samples were obta ined. They were 
simulated and measured, in an effort to prove the accuracy of the software and 
indirectl y va lidate the realization and potential of the material loaded resonator 
antenna. The results are summarised in Table 4-3. 
Sample antenna I Sa mple antenna 2 Sample antenna 3 
f r=5.5, Pr= 1.5 Er=5.2 , Jlr= 1.5 f r=4.3, Pr= 1.4 
1:1110,=0.03 , ran0I'=O.14 t:lIl0,=O.OS, (aI1 0,.=0.03 1:1110,=0.03, 13nO,.=0.02 
Wheeler Cap Exp. 15.0% 63.0% 83.0% 
Anechoic Chamber 13 .0% N/A N/A 
Simulated Efficiency 17.0% 66.5% 78 .0% 
DASY 4 IOgSAR 0.31 W/kg N/A N/A 
Simulated IOgSAR 0.21 W/kg N/A N/A 
- . Table 4-3 - Measured and sllnulatcd effiCIency and SAR results 
for the three sample antennas 
Examination of the results led to the conclusion that the measurements and 
simulations are in good agreement and that the software can be used reliably as an 
accurate prediction tool. 
4-20 
Measurements and Compariso n to Simulations Chapter 4 
Finally, two composite antenna versions were presented in an effort to overcome the 
material unavailability. Unfortunately, in order to produce sati sfactory efficiency and 
bandwidth perfolTnance, they required higher permeability compared to their 
homogeneous counterpart. It was concludl:!d that homogeneity in the material mix is 
essential in order to obtain the optimum perf0l111anCe out of this type of antenna. 
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CHAPTERS 
Handset Integration of Material Loaded Antenna 
5.1 Introduction 
The benefits of introducing penneability into dielectri c resonator antennas have been 
confi rmed for va rio us shapes, both theoreti ca lly and experimentall y, in chapters 2, 3 
and 4. It was establi shed that the effi ciency and bandwidth are maximi sed when the 
permeabil ity and permittivity are of comparable va lues and the antenna SAR is 
greatly reduced when the excitation dipo le of the antenna is perpendicu lar to the head. 
This chapter reports on furt her simulation work undertaken, to optimise the materi al 
loaded resonator design and integrate it into a typica l handset, without di sturb ing its 
perfonnance characteri stics . For this to occur, two constraints need to be sati sfi ed: ( i) 
the material block should be mounted on a 40 x \ 00 mm typical metal ground plane, 
with a 10 mm height lim itation; (ii) for a low SAR, the monopole ax is should be 
directed perpendicu lar to the user's head. 
The chapter commences with a series of pi lot studies. The infomlation obtained is 
used to restri ct the unavoidable decrease in e fficiency and bandwidth, caused by the 
reducti on of the block size during its placement in the handset [\ , 2]. 
During the first study, the cube materi al resonator antelUla presented in Section 3.6 is 
re-examined to deteml ine how the materi al can be uti lised to control the positioning 
of multip le resonances and achieve wide-band operation. This is fo llowed by a study 
on how thi s wideband operation is affected by the block's width-ta-height ratio. 
Having reached important conclusions and bearing in mind the necessity of the 
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1110nopole exciter for low SAR, a rectangle material resonator is placed on a 40 x 40 
I11m gro und plane. 
The variation of the rectangle dimensions and the add ition of parasi tic elements lead 
to the atlainrnent of a tri-band handset antenna design, covering the GSM 1800, 1900 
and Blue-tooth bands. The ground plane is then extended to the typi ca l dimensions of 
40 x 100 mm. Using furth er developmental simulation work, two quad-band handset 
antenna des igns are reali zed and presented. The des igns cover the GSM 1800, 1900, 
UMTS and Blue-tooth bands at - 6dB, have high efficiency values and maintain a very 
low SAR. 
Havi ng attained two successful quad-band designs, the materi al mix's benefits are 
assessed by app lying it in an ex isting commercial di electric antenna design. 
An tenova® U d 's metallisation configu ration is replicated and placed on top of the 
material loaded resonator. The diversity of the di electric-ferrite mix and its 
advantages are discussed . 
Finally, in an effort to overcome the unavailability of low loss, high !-l feITite and to 
ex plore the anterll1a potential with existing materi al, the chapter concludes with the 
presentation of a tri-band design, using reduced permeability (-2). The bands covered 
at - 6dB are GSM 1800, 1900 and UMTS . 
All the exhibi ted designs are strong indicators that the material resonator is a strong 
antenna contender, with a lot of potential, and that the development of ferrite material 
with lower losses can lead to a commercially viable high effi ciency and very low SAR 
antenna. 
5.2 Design Considerations 
5.2.1 Bandwidth Optimisation for Wideband Operation 
The first step towards the real izati on of a mobile handset antenna was taken in 
Chapter 3 by making the material coated antenna resonate constantl y at 1.8 GHz 
(Sect ion 3.6). At the time, the mai n objective was achieving maximum effici ency with 
a relatively good match for each material ratio (Efficiency Optimisation). Even 
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though dual mode operation was present for some of the ratios, it was not optimised, 
as bandwidth was not the main priority. For the reali sation of a multi-band handset 
antenna though, dual operation is an important advantage and it was essential to 
explore the material 's potential regarding wideband action. 
In similar fashion to a hemispherical dielectric resonator antenna [3], inside a cube 
excited by an electric dipole there are two transverse resonances observed. These first 
two resonances have similar radiation patterns to the TM 101 and TM 102 modes of a 
spherical resonator. As the permittivity is increased, the two modes come together and 
create a wideband radiation characteristic. 
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Figure 5-1 - Variation ofS II with permittivity and losses for 
cube resonator (tano,=tano.=tand) 
This is clearly shown in Figure 5-1 , which shows the return loss of the cube resonator 
antenna (30x30x30 mm, tano=O.O I), for different ratios of permittivity and 
permeability. The use of both permittitity and permeability in the antenna coating 
material enables some control of the frequency separation between adjacent modes 
and by coupling together two adjacent modes provides the opportunity to obtain 
wideband material operation. The maximum - I OdB bandwidth is 7.3% and is noted 
when li =6, J.l . =4.39. This result has significant implications both from a design and 
a communications point of view. 
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The cube resonator from Section 3.6 was re-simulated, this time looking for the 
material ratio with best match and maximum bandwidth at 1.8 GHz (Bandwidth 
Optimisation). Figures 5-2 and 5-3 show the efficiency and bandwidth variation of the 
30x30x30 mm cube resonator antenna, for tano=O.O 1 and tano=O.03, before and after 
it was optimised for maximum bandwidth by adjusting the probe length and the value 
of permeability. 
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Figure 5-2 - Variation of efficiency with permittivity and losses for 
cube resonator with efficiency and bandwidth optimisation (tanli,= tano.=tand) 
Clearly, the difference in efficiency values is minimal between the cube being 
optimised for maximum efficiency (Section 3.6) and for maximum bandwidth. The 
efficiency maxima occur at 1,"=6, 1"-4.38 for tano=O.OI and at 1,"=9, ,u·-3.3 for 
tano=O.03 . 
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Figure 5-3 - Variation of bandwidth with permittivity and losses for 
cube resonator with efficiency a nd bandwidth optimisation (tano,=tano.=tand) 
Unli ke the insignificant variation of the efficiency between efficiency and bandwidth 
optirnisation, the bandwidth improvement is considerable for both loss cases, For 
tan5=O,Ol , the maximum bandwidth is 7,9% at e ' =9, ,u ' =3.3 and for tan5=O.03 it is 
13.6% for the same material ratio. This is an increase of 1.4% and 4% respectively. 
The SAR variation for Efficiency and Bandwidth Optimisation is shown in Figure 5-4 
for tan5=O.O I and the source oriented both parallel and perpendicular to the phantom, 
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cube resonator with efficiency and bandwidth optimisation (tanll,=tanll.=tand) 
In similar fashion to the efficiency variation presented in Figure 5-2, the \ OgSAR 
remains unaffected by the bandwidth optimisation. 
Having fully utilised the material's properties to achieve wideband operation, the next 
study involved exploring the shape of the block and its contribution towards multi-
band action. 
5.2.2 Block Aspect Ratio Effect on Wideband Operation 
lntegrating a ORA into a GSM handset results in significant bandwidth limitations 
stemming [Tom the reduction in size and the increased Q-factor. Literature shows [4] 
that by performing a mathematical modal analysis of the resonator and by making 
appropriate modifications to its shape, it is possible to control the modes present and 
combine them, in order to optimise the resonator' s performance for maximum 
bandwidth at a particular frequency. 
For the purpose of this study, a rectangular ORA was implemented. Apart from 
simplifying the making of the antenna and its inclusion in the handset, this shape 
offers an advantage over hemispherical and cylindrical DRAs as it introduces an 
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additional degree of freedom and also produces cross-polarised components [4]. 
Previous studies on rectangular resonators [3, 4] indicate that the width to height 
aspect ratio is the main factor affecting mode coupling and wideband operation. A 
rectangular antenna with dimensions 20x20x40 mm (width x length x height) and a 
width to height ratio of 0.5 was modelled, using loss tangents of 0.0 I and 0.03 
respectively [5]. Its perfonnance was compared to the previously simulated 30x30x30 
mm cube antenna (width to height ratio of I ) and is shown in Figures 5-5, 5-6 and 5-7 
for SI !' bandwidth, efficiency and 109 SAR (perpendicular dipole orientation with 
respect to head) respecti vely. 
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Figure 5-5 - Variation of return loss with permittivity and losses for 
rectangular and cube resonators with bandwidth optimisation (tano,=tano.=tand) 
Figure 5-5 shows the return loss of both antennas for tanoe = tano" =0.0 I . In both 
cases, a very good match is achieved but as the width to height aspect ratio decreases, 
the - I OdB bandwidth increases by 5%. This is shown in more detail for all material 
ratios and two types of loss tangents in Figure 5-6. 
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Figure 5-6 - Variation of bandwidth with permittivity and losses for 
rectangula r and cube resonators with bandwidth optimisation (tano,=tano.=tand) 
The antenna with the higher profile block size and the lowest width to height ratio 
(20x.20x.40mm) has a maximum - IOdB bandwidth of 12.9% and 25.9% for tan oc = 
tano" = 0.01 and tan 0, = tano" = 0.03 respectively, compared to 7.9% and 13.6% of 
the cube resonator (30x30x30mm). Also, due to the reduced volume and resonance 
frequency, the minimum Q is observed at lower 6', fl ' values, making the antenna 
more realisable. It is concluded that as the width to height aspect ratio decreases, the 
maximum - I OdB bandwidth increases. 
5-8 
Handset integration of Material Loaded Antenna 
90 
80 
_ 70 
~ ~ 
~ 
u 60 c 
.. 
.;:; 
E 
'" 50 
40 
30 
0.12 
I---=~~~~~:=::::::~---I 0.10 
.--I-jl------= ..... ~-------I 0.08 ~ 
~~~~I ! '-- 0.06 0: 
~ 
'" I-,- r-~~~~~==J~ 0.04 -I Eff (I.nd9l.01) 
___ 30*30-30 Eff (C3nd.::O.OI ) 
_ 20'20'40 IOgSAR (t.nd9l.01) 
1 __ ~::~==~J=0~'3=0:'3=0~~::~==~~_~ 
6 9 12 15 18 21 24 27 lO Jl 19 
Relative Permittivity 
0.02 
0.00 
Chapter 5 
Figure 5-7 - Variation of efficiency and SAR with permittivity and losses for 
rectangular and cube resonators with bandwidtb optimisatioD (tanl),=tanl).=tand) 
The efficiency and 10gSAR values shown in Figure 5-7 are also clearly affected by 
the change in aspect ratio, with the rectangular antenna exhibiting 3.7% increase in 
the maximum efficiency and 28% increase in IOgSAR for tan '\" =0.01. The 
perpendicular orientation again ensures a very low SAR value. 
The outcome of tbis study suggests that a reduction in the width to height aspect ratio 
enhances the wideband dual operation and general performance of the antenna as well 
as making it easier to manufacture. Even though the handset space is li mited and 
consequently has a height restriction, the conclusions reached from the aspect ratio 
study form a significant part of tbe design guidelines towards the practical realization 
of the antenna. 
5.2.3 Handset Size Constraints 
The next step involved the integration of the antenna into the handset, trying to 
preserve its attributes of high efficiency, broad bandwidth and low SAR. Realising the 
constraints imposed on efficiency and the application of broad-banding techniques 
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such as the width to height ratio by the reduction of the antenna dimensions, the 
plUJlose of thi s study, was to benchmark the effects of altering tbe width and length of 
the rectangle on efficiency and bandwidth, whilst limiting its height to 10mm. In order 
to maintain a low SAR, it has already been establi shed that a pattem null has to be 
directed towards the user's head. 
As a starting point to the investigation, three antennas with di ffe rent lengths were 
modelled. Their dimensions were 20x 15x I Omm, 20x20x I Omm and 20x25x I Omrn, 
they were mounted on a 40x40mm ground plane and fed by a 4.5mm monopole. The 
fundamental TMlo l mode of the monopole exciter was preferred over the TElol of its 
slot exciter counterpart because even tbough it requires a bigger volume of materi al at 
constant frequency operation, it satisfies the aforementioned low SAR criterion and its 
fi e lds are compatible with the boundary conditions imposed by the ground plane. The 
antennas were simulated fo r various ratios of permittivity and permeability, with a 
reali stic tan lie." =0.03 . Their efficiency and bandwidth responses are shown in Figure 
5-8. 
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Figure 5-8 - Variation of efficiency and bandwidth with permittivity and losses for 
three antennas with bandwidth optimisation (tano,=tano.=tand) 
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The results from Figure 5-8 indicate that increasing the block length (length to height 
ratio) results in an increase in antenna efficiency and a slight decrease in bandwidth. 
Also, the resonant frequency drops and the mi nimum Q shifts to lower I;, J1 ' values. 
A similar investigation was made with another three antennas, varying their widths 
between 15mm, 20mm and 25mm respective ly, whi lst keeping thei r length constant at 
20ml11 . The synulletry of the ground plane and of the feed position, led to results very 
simi lar to Figure 5-8 and the same set of conclusions. These conclusions agree with 
the majority of the statements made in the previous section despite the fact that the 
height is kept constant and the wid th to height rat io is contro lled solely by the width. 
In all cases, it provides valuab le infonllation for the handset height restricted design. 
Having detellllined the effect of altering two of the block dimensions, a second mode 
had to be introduced to get closer to the ultimate aim, of achiev ing a multi-band 
handset antenna. Keeping the height and width of the antenna constant at 10m m and 
20111111 respectively, a set of sil11ulations was run, increas ing the block length in 2111 m 
sleps, frol11 15111 111 to 40tlll11. This was done in order to find the most suitab le length of 
antenna to introduce a second mode near 2.4GHz. The perl11ittivity and permeabi lity 
were kept constant at c' =5, f..L' = 11 ,36 with zero loss tangent. 
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Figure 5-9 - Variation of return loss with frequency for different block sizes 
As the length is increased, the distance between the first two modes decreases. [t was 
decided that the optimum lengtb combining good separation of tbe first two modes 
witb a good match was 20x32x 1 Omm. Alteration of the material parameters to fi · =6 
and f.l . =8.05 respectively for tan /5&." =0.03, tuned the two resonances to 1.8 and 
2.40Hz respectively. Neither of the modes had sufficient bandwidth to realize a dual-
band antenna, however this was resolved by the addi tion of parasitic elements, which 
turned the antenna into the starting point for all future designs. 
5.3 Tr i-band Handset Anten na Design 
Having placed the two modes at the right frequencies for dual-mode operation, several 
design variations were endeavoured to enable the antenna to cover tbe two bands. It 
was concluded that tbe addition of wrap-around metallic strips horizontal to the 
monopole was tbe most advantageous. Their excitation from the monopole enhanced 
the bandwidth of the existing electric modes and added another one at 1.90Hz. 
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Altering the thickness and distance separating the rings and by tuning Ii, )1' and 
monopole length led to the realization of a tri-band design, covering the GSM 1800 
(17 10-1880 MHz), GSM 1900 (1850-1990 MHz) and Blue-tooth (2402-2495 MHz) 
frequency bands at-6dB [6]. The antenna is sbown in Figure 5-10. 
Dielectric block Monopole 
Ground plane 
y 
~x 
Figure 5-to - Tri-band antenna design 
The lower ring is placed 0.1 mm above the ground plane, has a thickness of 1.1 mm 
and a 0.9mm gap. The upper ring is placed 4.7mm above ground, bas a thickness of 
0.5mm and a 1.2mm gap present on the opposite side to the lower ring's gap. The 
monopole length is 4.5mm. In order to accommodate for the ferrite's inherent lossy 
nature, the antenna was modelled with two types of losses: (i) tan 0, =tan °
" 
=0.03 and 
(i i) tan 0, =0.0001 , tan op =0.06. The material parameters and efficiency values 
achieved in each case are displayed in Table 5-1 . 
, . Efficiency (%) at 
I> 1.1 t.8GHz, 1.9GJh and 
2.4SGRz 
tan/). =tan/)~=0.03 6.0 7.4 12.2%, 10.7%,36.6% 
tan/).=O.OOO I ,tano~=O.06 6.2 7.2 11 .9%, 10.5%, 34.9% 
Table 5-1 - Tri-band antenna simulation parameter variation ror two types or losses 
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The differences between the two loss cases are minimal both in terms of material 
parameters and efficiency values. Figure 5- 11 shows the return loss of the tri-band 
antenna and the coverage of the GSM 1800, 1900 and Blue-tooth bands at -6dB, for 
both types of losses. 
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Figure 5-11 - Tri-baod antenna simulation S" 
The radiation patterns for all bands were dipole like, as expected from the monopoie 
positioning. The pattern cuts for the yx and xz planes of the tri-band antenna with 
tanot =0.000 1, tano"=0.06 at 1.8 GHz are shown in Figure 5- 12. 
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Figure 5-12 - Tri-band antenna simulation radiation pattern at 1.8 GHz 
5.4 Original Quad-band Handset Antenna Design 
Section 5.3 established the weight that the addi tion of parasitic elements carrIes 
towards the reali zation of a tri-band handset antenna fro m a single ferri te-loaded 
block. The next step involved extending the ground plane to 40 x 100mm to resemble 
the dimensions of a realist ic mobile handset ground plane, and incorporating the block 
antenna onto it (7). The antenna block dimensions were maintained unaltered from 
Section 5.3 and the objecti ve was to retain the pattern null towards the users head 
whilst attempting to add the UMTS (1920-2170 MHz) band to the already attain ed 
GSM 1800, GSM 1900 and Blue-tooth bands. Coverage of the GSM (900 MHz) band 
and the challenges involved will be described in Chapter 6. 
Varying the antenna' s material (I,", f.l .) parameters, the monopole length and position 
as well as the width and gap of the parasitic rings, the second objective of achieving 
tbe UMTS band was satisfied. However, the asymmetry of the extended ground plane 
5-1 5 
Handset integration of Material Loaded Antenna Chapter 5 
distorted the radiation pattern such that it no longer complied with the first objective 
of having a null in line with the monopole axis. The problem was overcome by 
metallising the block face overlooking the ground plane, leaving a 0.1 mm gap at the 
block base to electrically isolate the metallisation and lower ring from the ground 
plane itself. The finalised quad-band handset antenna design is shown in Figure 5-13. 
Ferrite loaded Monopole 
dielectric block ~ 
Metallic plate 
Figure 5-13 - Original quad-band handset antenna design 
A 4.5mm monopole excites the 20x32xlOmm block at the centre via a 50n coaxial 
feed. The top and bottom rings, responsible for inducing the extra modes, are 0.5mm 
and 2.9mm wide respectively and are separated by 1.5mm. The top ring has a 5mm 
tuning gap and the metallic plate covering the front vertical face and controlling the 
rad iation pattern null is 32x9.9mm. 
Similarly to Section 5.3, the quad-band antenna was modelled for two different cases 
of losses: (i) tanoe =tanop =0.03 and (ii) tan oe =0.0001 , tan 0,,=0.06, to check the 
antenna performance against material variation. The results were satisfactory and in 
both cases quad-band coverage was achieved at an SI I level of -6dB as shown in 
Figure 5-14. 
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The rad iation patterns of the antenna when no head is present are given in Figures 5-
15 (a) and Cb) for the yx and yz planes respectively. 
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Figure 5-15 - Original quad-band handset antenna design without head simulation 
radiation patterns (a) yx plane (b) yz plane 
It is observed that the pattern cuts for the first three bands are predominantly dipole-
like with well-positioned nulls towards the head, predicting low-SAR values. 
Moreover, Figure 5- 15 (b) illustrates reduced radiation in the z-direction, towards the 
user' s hand, suggesting less energy lost to absorption. The Blue-tooth band pattern 
cuts resemble those of the UMTS band and give smooth overall coverage. The slight 
variation of the antenna material parameters with losses as well as a summary of the 
overall antenna performance is presented in Table 5-2. In both cases, the antenna 
efficiency values are satisfactory for handset standards. 
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tanO. =tano~=O.03 tanO.=O.0001,tanO~=0.06 
, 
6.0 6.38 E 
, 
6.6 6. 18 J.1 
Coverage of GSM1800, 
Achieved Achieved 1900, UMTS and 
Bluetooth bands at ~dB 
Efficiency (%) at 
36.8, 36.1, 19.1 , 27.5 40.8, 39.2, 24.0, 27.6 1.8GHz, 1.9GHz, 2.1GHz 
and 2.45GHz respectivelv 
Table 5-2 - Performance of original quad-band handset antenna simulation with losses 
and no head 
The antenna perfo rmance was then assessed in the presence of a human head, by 
modelling it against a spheri cal homogeneous phantom head. The phantom employed 
fo r this task was identical to the one used in Section 3.4 [8, 9] and was placed 15mm 
away from the surface of the antenna, as shown in Figure 5- 16. The power delivered 
to the antenna was 125mW. 
Antenna 
150mm 
y 
U X 
Figure 5-16 - Original quad-band handset antenna simulation against spherical 
phantom head 
The reduced effect of the head incurred losses on the material coated antenna 's 
operation was established in Chapter 3 and was also anticipated in the case of the 
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quad-band handset antenna. Figures 5-17 (a), (b) show the radiation patterns of the 
antenJla in the head' s presence, for the yx and yz planes respectively. 
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Figure 5-17 - Original quad-band handset antenna simulation with bead radiation 
patterns (a) yx plane (b) yz plane 
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As expected, the scattering from the head IS minimum due to the presence of the 
positioned pattern nulls towards the head and hand. Pattern distortion is less 
pronounced in the yx cut compared to the yz cut. The same head model was also 
simulated in the presence of a hand, 5mm away from the antenna, as shown in Figure 
5-18. 
Figure 5-18 - Original quad-band handset antenna simulation with head and hand 
In literature there are various models used to represent a hand [10, 11 ). The shape of 
the model used in this case was based on [12) and is shown in Figure 5-1 9. 
Figure 5-19 - Hand model dimensions 
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Similarl y to the paper, the model hand wraps around three sides of the lower three 
quarters of the phone. However, some of its dimensions were altered to account for 
the continu ing size reduction of handsets. The model is homogeneous and the 
dielectric constant c" conducti vi ty cr, and mass density p of the hand are obtained by 
averaging the equi va lent properti es of bone and muscle ti ssue at 1800 MHz (0,=53.5, 
cr= J.4S/m and p= I 040kg/m3). The antenna e ffi ciency and SAR va lues fo r both cases 
are shown in Table 5-3. 
tan8. =tan8~=0.03 tan8.=0.0001 , ta n 8~=0.06 
SAR 109 (W/kg) at 
0.08,0. 11 ,0.06,0.0006 0.08,0. 11 , 0.Q7, 0.0006 J.8GH z, 1.9GJ-Iz, 2.1 GH z 
and 2.45G Hz res pectively 
Efficiency (% ) with head 
at 1.8G Hz, 1.9GHz, 35.0, 32.6, 15.2, 22.3 38.5, 34.9, 19.2,22.0 
2.1 GHz and 2.45G Hz 
respectively 
Efficiency (% ) with head 
and hand at J .8G Hz, 
1.9GHz, 2. 1 GHz and 
23.3, 16.8, 14 .8, 13.4 25.4, 11.7, 13.4, 13.2 
2.45GHz res pectively 
. . Table 5-3 - Performance of on gl/l al quad-band handset antenna slIllulatlOn WIth losses 
and head 
Even after Ihe addition of the head, Ihe antenJla effi ciency va lues lie in equally 
satisfactory levels, demonstrating the antenna's immuni ty to the phantom's presence 
and the reduced coupling between them. T hi s is unl ike other types of handset 
antennas such as the PIFA and meander-lin e antennas [13], which typ icall y have 
rad iation efficiencies of 60% that reduce to 20% nex t to a head. 
As soon as the hand is included in the model there is a further, more significant 
decrease, reaching up to 12%. However, compared to other antennas [1 4] whose 
effi ciency drops by 10% when 15mm away from the hand, the quad-band antenna 
demonstrates superior perfo rmance. 
Exami nation of the low SAR values in Table 5-3 pinpoin ts the antenna's greatest 
attribute. Across the four bands the I DgSAR has a max imum of 0. 1 W/kg. This is a 
great reduction compared to other antennas, which have SAR values of I and 2 W/kg, 
whilst exhibiting comparable radiation efficiencies [15, 16]. 
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5.5 Alternate Quad-band Handset Antenna Design 
The quad-band antenna presenled in Section 5.4 was a successful handset antenna 
design because it combined good efficiency values with very low SAR but mainly 
because its realization established the feasibility of a commercially competitive multi-
band handset antenna out of a single block of material. This provided the incentive to 
further examine different parasitic element comhinations in an effort to reduce the 
metalisation and the complexity of the antenna. One of these combinations led to an 
alternate quad-band design presented in Figure 5-20. 
Ferrite loaded dielectric block 
Monopole 
Co-axial feed 
v 
~z Ground Dlane 
Figure 5-20 - Alternate quad-band handset design 
The new design consists of a metal frame placed 0.1 mm above the ground plane, 
surrounding the 20 x 32 x 10 mm ferrite loaded dielectric block, which now consists 
of [;=7.25, /-/ =7.2, tano. =tancS~=0.03 [17]. The thickness of the strips is 0.5mrn and 
their gaps along the x and y-axis are 16mm and 4mm respectively. The S 11 response 
of the alternate quad-band handset antenna is shown in Figure 5-21. 
5-23 
Handset integration of MateriaJ Loaded Antenna 
0 
-5 
-10 
~ -15 
'" "0 ~
-20 
-
-
'" -25 -
-30 
-35 
-40 
1.2 1.4 
.......... .... ... ..... ... .. .. 
GSM 1800, 
1900, UMTS 
: B : 
:L: 
~ U ~ 
~ E ~ 
~ T ~ 
~ 0 ~ 
~ O~ 
:T: 
~ H ~ 
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 
Frequency (GJ'h) 
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Chapter 5 
The frequency bands covered in Figure 5-2 1 are: GSM 1800, 1900, UMTS and Blue-
tooth at -QdB return loss. The corresponding efficiencies were 34.8%, 42.0%, 25.4% 
and 25.8% respectively. Compared to the efficiency values of the original quad-band 
design presented in Table 5-2, the alternate design has similar performance, if not 
improved in some instances. 
The di stinct superiori ty of the alternate design in terms of manufacturing simplicity is 
just one of the advantages it has to offer. The main attTi bute of this model is that the 
pattern null is controlled by the position of the monopole, which is offset by 6mm 
from the centre of the block. Unl ike the original quad-band design, thi s technique 
eliminates the need to insert any extra metalisation that could potentially couple to the 
phone circuitry and affect the nature of the near fi eld and consequently SAR. 
The radiation patterns of the antenna when no head is present are given in Figures 5-
22 (a), (b) fo r the yx and yz planes respectively. 
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Figure 5-22 - Alternate quad-band handset antenna without head simulation radiation 
patterns (a) yx plane (b) yz plane 
The nulls in the radiation patterns of all bands and both planes are significantly more 
distinct compared to Figures 5-15 (a), (b) for the original quad-band design, The yx 
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plane clearly shows the majori ty of the radiation towards the +y direction, away from 
the presence of a potential phantom head. The yz plane illustrates little radiation both 
towards the - y direction and the +z direction and therefore away from both a potential 
head and hand. The above suggests that the alternate quad-band design may result in 
lower SAR values than the original quad-band model. 
The antenna was then modelled 15mm away from the 75mrn spheri cal homogeneous 
phantom [8]. In the head' s presence, the effi ciency values dropped to 32.0%, 38.6%, 
2 1.8% and 20.8% for 1.8GHz, 1.9GHz, 2. 1 GHz and 2.45GHz respective ly. This 
corresponds to a max imum effi ciency decrease of 5% caused by the additional losses 
from the phantom. Again it should be noted that the majority of these values are 
improved compared to the original quad-band design. 
The radiation patterns with the head present are shown in Figures 5-23 (a), (b) for 
planes yx and yz respecti vely. 
180· 1--\\- ---~ -~--~--II------! o· 
-20 -25 dB -25 -20 
.: 315
0 
1 - 1.8GHz 
- 1.9GH< 
- 2.1GHz 
(a) 
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Figure 5-23 - Alternate quad-band handset antenna with head simulation radiation 
patterns (a) yx plane (b)yz plane 
It is evident that in both cases the presence of the head has very little effect on the 
radiation patterns and the formation of nulls towards the head and hand. The 109 SAR 
values are: 0.04Wlkg, 0.06W/kg, 0.06Wlkg and 0.00001 Wlkg for 1.8 GHz, 1.9 GHz, 
2. 1 GHz and 2.45 G Hz. As suspected they demonstrate a dramatic reduction of the 
order of 50%, compared to the original quad-band design. 
Similarly to the original quad-band design, the alternate quad-band antenna was also 
simulated in the presence of a hand, 5mm away from the antenna. 
The efficiency values drop to 20.2%, 23.5%, 16.9% and 13.3% for the GSM 1800, 
GSM 1900, UMTS and Blue-tooth bands. The greatest efficiency decrease is observed 
at the GSM 1900 band, which goes down by 15% compared to the case when only the 
head is present. The original quad-band design had demonstrated similar behaviour 
with its maximum efficiency drop reaching 12% in the hand 's presence (Table 5-3) . 
However, the efficiency values of the alternate quad-band design are slightly higher 
than its original counterpart and they are attributed to its non-metallic front face that is 
not affected by the hand. 
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5.6 Antenova® Configuration Handset Antenna Design 
In an effort to explore the merits of the ferrite loaded material mix and to extend to the 
GSM 900 band, it was decided to implement the material mix in an antenna with a 
different configuration. The new design was based on Antenova® Ltd's commercial 
GSM Radionova Radio Antenna Module [18]. This is a high dielectric antenna 
covering the GSM 900, 1800 and 1900 bands and according to its commercial 
datasbeet it is small, djverse, efficient, it resists detuning and has a low SA R. 
The Antenova® Ltd's tri-band handset antenna is balanced at the GSM 1800 and GSM 
1900 bands. This is accomplished by using two unbalanced antennas arranged with 
mirror symmetry along the axis of charge acceleration and fed as a balanced or 
complementary pair [I 8, 19]. Although each antenna generates currents on the ground 
plane underneath the antenna, the current pair cancels out leaving negligi ble currents 
fl owing on the rest of the ground plane. 
Unfortunately, apart from two graphs with the antenna' s S I I response and some data 
concerning the impedances of the feeds, there was no additional infonnation provided 
regarding the dimensions, feed positions or actual perfonnance of the antenna. Hence, 
only its metal configuration was replicated and placed on top of a 30x20x I Omm block 
that was excited via a single son coaxial feed. The block comprised of a fe rrite-
loaded material mix and the new antenna configuration is shown in Figure 5-24. 
Antenova metal configuration 
::...------ 30x20xlOmm material block 
IOmm monopole 
y Ground 
12z 
Figure 5-24 - Antenova configuration multi-band handset antenna 
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As in the case of the alternate quad-band design, the monopole was offset by 6rnm 
from the center of the block, to allow the formation of a pattern null without the 
insertion of a front metal plate. 
The metallisation on top of the block consisted of two parts, each being the mirror 
image of the other. Initially, the material mix properties were maintained at Ei =6, 
It' =6, tanae =0.0001 , tan a" =0.06, and several simulations took place to establish the 
effect of altering the block and slot dimensions on the antenna SII response. The 
results indicated that changing the gap between the two metal parts had the biggest 
effect on the positioning of the GSM 900 and GSM 1800/1900 modes, whereas the 
length and thickness of the slots mainly affected the positioning of a fourth mode near 
2.4GHz. Decreasing the overall block length pushed the GSM 900 mode away from 
the GSM 1800, 1900 modes and worsened the match at the latter. The position of the 
monopole was preserved between the two plates and a 2xO.9mm metal cap was added 
at its top [20] to improve the coupling between the monopole and the plates. The final 
dimensions are shown in Figure 5-25. 
13.3a .. 
SLOTS 7 
1 I m 
_ .. 
t 
Imm 
Figure 5-25 - Antenova configuration multi-band handset antenna 
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Having positioned the resonances, the material properties of the block were fine tuned 
to &'=6,6, JL '=6.05 , tan oc =0,0001, tan op =0,06, to ensure coverage of the GSM 900, 
1800 and 1900 bands and Blue-tooth bands at - 5dB. The S" response of the antenna 
is shown in Figure 5-26. 
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Figure 5-26 - Antenova configuration multi-band handset antenna simulation S" 
The efficiency of the antenna is 15.6%, 44.3%, 39.7% and 6.0% for the GSM 900, 
GSM 1800, GSM 1900 and Blue-tooth bands respectively. 
The radiation patterns when no head is present are shown in Figures 5-27 (a), (b) fo r 
the yx and yz planes. 
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Figure 5-27 - Antenova configuration quad-band handset antenna without head 
simulation radiation patterns (a) yx plane (h) yz plane 
The radiation patterns possess pattern nulls at 1.8 and 1.9GI-Iz towards the head and 
hand (-y and +z directions) and as before indicate potential for low SAR. The 920 
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MHz band pattern is dipole-like with no distinct null. The reason for this is that the 
entire PCB is required to be the primary radiator to accommodate for the long 
wavelength [20, 21]. The problems encountered with the attaining of the OSM 900 
band are discussed further in Chapter 6. 
The antenna was then simulated in the presence of the phantom head and the radiation 
patterns in the presence of a head are shown in Figures 5-28 (a), (b). The power 
delivered to the antenna was 125mW for 1.80Hz and 250mW for 900MHz [22] . 
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Figure 5-28 - Antenova configuration quad-band handset antenna with head simulation 
radiation patterns (a) yx plane (b) yz plane 
The reduced sensitivity of the antenna to de-tuning allows the maintenance of the 
pattern nulls. The recorded efficiencies are 7.2%, 40.9%, 32.4% and 5.0% for the 
GSM 900, GSM 1800, GSM 1900 and Blue-tooth bands respectively. The losses in 
the phantom have the biggest impact on the GSM 900 efficiency, which reduces by 
50%. This substantiates previous allegations claiming the GSM 900 band to be 
dependant upon the entire PCB's resonance, unlike the rest of the bands that depend 
on the block and whose efficiency drops by a maximum of 17% with external losses 
[20]. 
The 109 SAR values recorded were: 0.13Wlkg, 0.09Wlkg, 0.07Wlkg and 
0.0002Wlkg. When the antenna is simulated both with a head and a hand, the 
efficiencies reduce even further to: 6.0%, 28.6%, 23.9% and 3.0% for GSM 900, 
1800, 1900 and Blue-tooth bands respectively. 
To sum up, combining the Antenova metal configuration with the material loaded 
resonator had a positive effect compared to the original Antenova design. Coverage of 
its original bands as well as one extra band was achieved with satisfactory 
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efficiencies, apart from the Blue-tooth band that requIres further investigation. 
Furthennore, the positioning of the mono pole resulted in very low SAR values. Even 
though there is a lack of infonnation regard ing Antenova 's antenna performance, it is 
believed the applied pattern control has improved SAR significantly. 
5.7 Tri-band Handset Antenna Design with Reduced Permeability 
Up to this point, several high efficiency and low SAR multi-band antenna des igns 
have been presented, utilizing the materi al loaded antenna's perfonnance advantages 
to the maximum. The current unavailability of suitable ferrite, however, as already 
highlighted in Chapter 2, prevents their realization. Hence, attempts were made to 
create a multi-band antenna design exploiting a material with existing properties [23J. 
The design was based on the original quad-band design presented in Section SA and 
the material chosen for thi s purpose had the approximate penneability characteri sti cs 
of Sample 2, presented in Chapter 4, Section 4.3 . It comprised of: s · = 24.1, J.l . = 2, 
tan 6e = 0.000 I, and tan 6" = 0.06. After a series of experimentations with the block 
size and the positioning of two metall ic strips, a tri-band handset antenna was 
real ized. The configuration is shown in Figure 5-30. 
y 
z--l x 
Dielectric block ~ 
Metallic plate 
Monopole 
\ strips 
Coaxial feed 
Figure 5-30 - Reduced permeability tri-band bandset antenna design 
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A 20x30x8rnm block is centrally excited by an 8rnm monopole. Two metallic strips, 
of 0.5 mm width, surround the block. The lower ring is mm above the ground and the 
upper 7mm and they both extend 6mm along the sidewalls of the block. 
This configuration results in the successful coverage of the GSM 1800, 1900 and 
UMTS bands at --6 dB, as shown in Figure 5-31. 
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Figure 5-31 -Reduced permeability tri-band antenna design simulation S" 
The corresponding efficiencies of the reduced permeability tri-band antenna are 21 %, 
16% and 12.5%. Even though they are decreased compared to their quad-band 
counterparts presented earlier (pages 5-22 and 5-24), they are very encouraging 
considering that the material used in this antenna is designed for screening purposes. 
It should also be noted that the Blue-tooth band is well matched but the efficiency 
could not be increased above a few percent due to the position of the rings. 
The pattern cuts are shown in Figures 5-32 (a) and (b) for the yx and yz planes 
respectively. They have smooth overall coverage whilst maintaining the pattern nulls 
necessary for low SAR operation. 
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Figure 5-32 - Tri-band handset antenna design with reduced permeability 
simulation radiation patterns (a) yx plane (b) yz plane 
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5.8 Summary Comments 
This chapter dealt with the integrat ion of the materia l loaded resonator inside the 
handset. In order to achieve this, it init iall y presented a seri es of simulation studies, 
indicating the effect of the materia l mix and block width to height ratio on the 
resonator's mu lti-band operation. It was determ ined that: (i) alteri ng the material ratio 
affects the fi'equency separation between adjacent modes and maximum bandwidth is 
achieved for a material ratio with c'::= J..I ' (ii) a materi al resonator with a smaller 
width to height aspect ratio has enhanced efficiency and bandwidth characteristics. 
Bearing in mind the handset height restriction, the material block was placed on a 
40x40mm ground plane and was excited by a coax-fed monopole to maintain its low 
SAR attributes. FUlther simulations defined the ideal block dimensions and materia l 
composi tion 10 achieve maximum effi ciency and bandwidth. The addition of paras it ic 
metal rings introduced another resonance and a tri-band antenna was achieved. 
The ground plane was then ex tended to the typical dimensions of 40x I 00 mm and 
usi ng di fferent metalli sations and materials the fo llowing multi -band handset antenna 
designs were realized and presented: 
• T he original qu ad-band handset an tenn a des ign 
• T he altern ate quad-band handset antenna des ign 
• T he Antenova configuration multi-band handset antenn a des ign 
• T he reduced permeability multi-band handset antenna design 
All designs (apart from the last one where /1 ' = 2) comprised of the block of materia l 
mix with c' ::= 1/', excited by the monopole to ensure a pattern nu ll towards the head. 
Their main difference laid in the type of metall isation used and the position of the 
source. The performance of all four designs is sUlllmarised in Table 5-4. 
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Origina l Qnad- Alternate Antenova Reduced 
band Handset Quad-band Configuration Permeability 
Antenna Handset Handset Handset 
Design Antenna Design Antenna Antenna 
(Section 5.4) (Section 5.5) Design Design 
(Section 5.6) (Section 5.7) 
GSM 900 band Achieved 
GSM 1800 band Achieved Achieved Achieved Achieved 
GSM 1900 band Achieved Achieved Achieved Achieved 
UMTS band Achi eved Achi eved Achieved 
Blue-tooth band Achieved Achieved Achieved 
Efficiency ('Vo) 36.8,36.1, 19.1, 34.8,42.0, 25.4, 15.6, 44.3 , 21.0, 16.0, 
at respective 27 .5 25.8 39.7,6.0 12.5 bands covered 
SAR 109 (W Ikg) 0.08,0.11,0.06, 0.04,0.06, 0.06, 0.08,0.Q9, 
at respective 0.0006 0.00001 0.07,0.0002 bands covered 
Efficiency (%) 
with head at 35.0,32.6, 15.2, 32.0,38.6,2 1.8, 7.2 , 40.9,32.4, 
respective bands 22.3 20. 8 5.0 
covered 
Effici ency (%) 
with head and 23 .3, 16.8,14.8, 20.2,23.5, 16.9, 6.0, 28.6, 23 .9, hand at 
respect ive bands 13.4 13.3 3.0 
covered 
Table 5-4 - Simu lated performance of multi-band handset antenn a designs 
An initi al comparison of the results for the o ri ginal and altemate quad-band designs 
allows the assessment of the posi ti ve effects resu lting from controlling the pattern 
nul Is by offsetting the source instead of usi ng extra metallisation. Apart from an 
increase in effici ency in some of the bands (with and without a head and hand), the 
altern ate quad-band design has a dramati c reduction in SAR which halves in value for 
all bands covered. Combining this with the simplicity of its metalli sation pattern 
makes the alternate quad-band des ign a signifi cantl y superior version of its original 
predecesso r. Its enhanced multi-band performance and its maintained reduced 
sensitivity to the head and hand wou ld constitute it as stTong competition against most 
commerci al handset antermas wh ich fail to preserve these attributes [24]. 
The Antenova configuration antenna des ign achieved coverage of the GSM 900 band 
and the addition of the previously unatlained Blue-tooth band, even though further 
in vestigation is necessary to improve its effic iency. Very low SAR va lues have been 
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achieved in all the bands, even in the GSM 900 band, which as the design process 
indicated is hi ghl y dependent on the resonance o f the gro und plane and is the onl y 
band w ithout a pattel11 null towards the head. The efficiency of the GSM 900 band 
could probab ly be improved by altering the ground plane length. Taking into 
consid eration that th.i s multi-band, low SAR and good e fficiency design is reali zed 
using a single feed is a considerable achievement and demonstrates the versatility of 
the materi al loaded resonator and its end less potentia l in terms of generating an 
advanced seri es of multi-band handset antenna designs. 
Fina ll y, the reduced permeability handset antenna design exploits a material used for 
screelling purposes to successfully cover the GSM 1800, 1900 and UMTS bands. 
Compared to the efficiencies of the other des igns at the same frequencies, the reduced 
permeabi lity handset antenna design effici ency values are significantl y reduced. 
However, considering the nature of the material, they are very encouraging. The 
in itiation of another investi gati on using the same materi al and a di ffere nt type of 
meta lli sati on could potentiall y increase them further. The pattel11 cuts obtained are 
simil ar to the ori gina l quad-band antenna and the pattern I1llll s indicate low SAR. 
The first three des igns were particularl y successful in translating the attributes of the 
materi al resonator into a small handset antellJl a, combining excellent band coverage 
with high efficiency and a very low SAR. The fo urth design c leverly utili sed ex ist ing 
felTite materi al with sati sfactory results. [t is concluded that the development of a 
ferr ite materi al that is more suitable for antellna ap plications and specificall y the 
development of the c ' ~ f.l ' material mi x, can lead to a commerciall y viable, hi gh 
effi ciency and low SAR multi-band handset antenna. 
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CHAPTER 6 
Conclusions 
6.1 Summary of Research Results 
This thes is has ex tensive ly investigated the perfonnance superiority of the hybrid 
dielectri c· ferrite material loaded resonator compared to a DRA and has reported on 
ways it can be exploited to develop multi-band, high efficiency, and low SAR handset 
antennas. 
The stages invo lved in the development of the project are summarised in Figure 6-1. 
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Conclusions 
Analysis of Theoretical 
Mathematical Model 
Examinat ion of 6·'tt' = 36 spherical resonator 
D 
Simulations of material coated 
antennas 
• Simulation of l.' tt' = 36 spherical resonator 
Chapter 6 
• Simulation of c' tt' = 36 cube resonator: (a) in free space (b) with head phantom 
• Simulation of cube resonator with constant frequency 1.8 GHz: 
(a) ill free space (b) with head phal1tom 
D 
Measurements and 
comparison to simulations 
• Measurement of three material samples: I. E,=5.5,1',=1.5, taI10,=0.03, tal1o,=0.14 
2. E,=5.2,1',=1.5, taI10,=0.05, tal1o,=0.03 
3. f,=4.3,1',=IA, taI10,=0.03 , lal1o,=0.02 
• Rea li sation of composite material loaded antenna 
D 
Simulations for Handset Integration 
of Material Loaded Antenna 
• lJ1Vestigation of material for multi-band operation 
• Investigation of resonator shape for multi-band operation 
• Tri-band handset antenna design in free space 
• Original quad-band handset antenna des ign: (a) ill free space (b) with head 
(c) with head al1d hand 
• Altemate quad-band handset antenna design: (a) in free space (b) with head 
• Antenova configuration handset antenna design : (a) in free space (b) with head 
• Reduced permeability !ri-band handset antetma design in free space 
Figure 6-1 - Summary of project development stages 
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The theo ret ica l model described in Chapter 2, provided the foundations for the whole 
project. The ana lysis of the spherica l l11aterial resonator with £ 'p ' = 36, for different 
materi al ratios indicated that: 
I . Maximum efliciency and band width are obtained when £ ' = p' = 6, At thi s 
ratio, the impedance match at the air/material boundary is optimum and 
max imum radiation is ach ieved. This results ho lds over a wide range of 
material loss values, 
2. For an electric dipole source, minimum size is obtained wi th a purely magneti c 
material £' = 1,/./ = 36 and vice versa for a magnetic dipole source, At the 
points of max imum efficiency and bandwidth, the electrical size reduct ion 
remains at sati sfactory levels, The addition of losses, both inside the spherical 
resonato r and surroundi ng it, has no effect on the size reduction, thus 
supporting claims that material loaded antennas are less affected by their 
en vi ronment. 
3. The C parameter, which defines the amplitude of the antenna near fi elds ancl 
hence is a good indicator ofSAR, is max imum at £' = I,ll ' = 36 for an electric 
dipo le source and at c ' = 36,11' = I for a magnetic dipo le source, As the 
permitlivity and penn eability respectively are increased, the amplitude of the 
C parameter drops and at the point where c ' = 11 ' = 6, it can be reduced by up 
to 70% depending on the materi al losses. 
Hence, the materi al ratio of c' = j.1 ' = 6 combines a signifi cantl y reduced SAR, wi th 
small size and max imum efficiency and band width and satisfi es key antenna design 
Issues. 
Chapter 3 successfully va lidated the conclus ions reached in the theoretical model. 
Both the sphere and cube material resonators with £ 11 = 36, when simulated in free 
space, exhib ited maxi mum efficiency, bandwidth and reduced amplitude of electri c 
fi elds for £ ' - p ' - 6 . Considering the structu ral differences i.nvo lved, the use of a 
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fi nite dipole source that had to be matched to achieve max imum effi ciency, and the 
compu tational inaccuracies, there was very good agreement between the two. 
The cube resonator was also simulated in the presence o f a human head phantom, in 
two di fferent pos itions: with its dipole source parall el and with its dipole source 
perpendicul ar to the head. T he SAR values recorded indicated that the main fac tor 
affecting the energy lost inside the head is the posi ti on of the dipole source. Placing it 
perpendicul ar to the phantom and pointing the pattel11 null towards it, lessened the 
energy avai lable in the near fi eld and res ulted in SAR reductions of up to 70% at the 
po ints of max imum efficiency and bandwidth . 
When the s imulati ons with and without a head were repeated for the cube resonator 
with a constant frequency of operati on at 1.8 GHz and a varying c'p' product, the 
same conclusions were reached. It was establi shed that the materi al is responsible for 
the maintenance o f the effi ciency and band width at max imum leve ls, whereas the 
dipo le source positio n dominates in the SAR minimi sati on. 
Havi ng confirmed the attributes of the materia l and identi fi ed the appropri ate antenna 
pos ition to obtain optimum perfonnance, Chapter 4 attempted the manufacture and 
measu remen t of such an anterll1 a. Un fortunately, an ex tens ive market research 
indicated that the ex isting materi als either did not have the required parameters or had 
excessive losses, which constituted them unsuitab le for use in an antenna. It was 
concluded that the onl y way to obtain such a materi al mix wo ul d be to manu facture it 
pri vately, utili zing the propelt ies of hexagonal ferrites. Despite the shortcomings, 
three di fferent materi al samples were obta ined. The samples d idn 't possess the 
necessary properti es fo r a prototype manufacture but they were used in order to check 
the accuracy of the software and indirectl y validate the realizati on and potenti al of the 
materi a l loaded resonator antenna. Three monopole excited, resonator antennas were 
manu factured. They were simul ated and measured and the results obtained 
successfull y verifi ed the software as a suitab le too l to pred ict the materi al resonator 's 
perf0l111 ance. 
In an effo rt to overcome the material unavailability, further simulati ons took place to 
check the poss ibility of using a composite multi-l ayer antenna to obtain the sam e 
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perfomlance as the homogeneous mix. In any case, the homogeneous mix 
arrangement outperformed the composite, indi cating that uniformity is essential in the 
present antenna appli cation. 
The material loaded resonator was effectively integrated in the handset in Cbapter 5. 
Investigation into the material and shape of the resonator unveiled that: 
1. Altering the material ratio affects the frequency separation between 
adjacent modes. Coupling them together provides the opportunity for 
wideband material operation 
2. A material resonator with a smaller width to height aspect ratio has 
enhanced efficiency and bandwidth characteristics 
The material loaded resonator was placed on a 40x40mm ground plane and was 
exc ited by a coax-fed monopole to maintain its low SAR characteristic. Combining 
the aforementioned observations with the conclusions reached from Chapter 2 and 3 
enabled the detemlinat ion of the ideal block dimensions and material composition 
(I; - 6, J/ - 7) for maximum e fficiency and bandwidth. The addition of parasitic 
metal rings introduced another resonance and a tri-band antenna was achieved, 
covering the GSM 1800, 1900 and Blue-tooth bands. 
The next step involved the extension of the ground plane to typical handset 
dimensions. Us ing two different types of metalli sations , two quad-band handset 
designs were achieved (GSM 1800, 1900, UMTS, Blue-tooth): the original quad-band 
design and the altem ate quad-band design. The efficiencies for both designs were in 
the order of - 37% for the first two bands and - 26% for the others. The SAR values 
remained remarkably low (5. O. I of the order improved W/kg) because of the 
placement of the pattern null towards the head. In addition, the detuning effects 
caused by the presence of the human head and hand, were minimal, keeping the 
antenna efficiency va lues in the same sa tis fac tory levels. Thi s is unlike other types of 
antennas (e.g. PIFA), which may have higher efficiencies in free- space but are great ly 
affected by their local enviromnent and have a much higher SAR. 
The application of the metaliisation from Antenova® Lld's commercia l GSM 
Radionova Radio Antenna Module on top of tbe monopoie exc ited, hybrid material 
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reso nator resulted in another quad-band design. The original design covered tlu·ee 
bands, using two feeds . The atta illlllent of one extra band, with a single feed and SAR 
values sO. I W/kg is a clear indicator of the material' s versatility and potential for 
ex ploitation. 
The last multi-band antelllla design presented is a tri-band handset antenna design 
(GSM 1800, 1900, UMTS), using currentl y ava ilable materi al with reduced 
permeabi lity. The effic iencies attained are decreased compared to the quad-band 
designs, ho wever, considering that this material is used for screening purposes, they 
are very encouraging. A lso, the radiation pattem s indicated low SAR. 
The advantages of coating an antelllla with a dielectric-ferrite material miX, as 
opposed to dielectric materi al alone, have been demonstrated both theoreticall y and 
ex perimentall y. It is established that apart from higher rad iation efficiency and 
bandwidth, thi s material coating enab les better control to be exerted over the anteIUl a 
fie lds when placed close to the handset ground plane. Also, the position ing of an axial 
pattern null towards the head leads to extremely low SAR va lues. Using 
developmenta l simulation work it was possible to translate the aforementioned 
attributes into two quad-band des igns, which combined excellent band coverage with 
hi gh efficiency and ex tremely low SAR. Furthermore, it was poss ible to improve the 
performance of ex ist ing handset antennas and also to explore the antenna's potential 
with currentl y avai lab le materi al. It is concluded that the specific development of 
ferrite material that IS more suitable for antenna app li cations, can lead to the 
development of the ultimate high efficiency and low-SAR multi-band handset 
antenna. 
6-6 
Conc lusions Chap ter 6 
6.2 Future Work 
This thesis has produced origina l work, containing a wide vari ety of innovat ive 
results. Nevet1heless, the potential of the material loaded resonator has not been 
exp lored to the full and there are a lot of areas that could be further improved. In 
parti cular, there are two main issues that need investigation: balancing of the antenna 
and coverage or the GSM 900 band. 
A ba lanced anterma has the signifi cant advantage of reduced detuni ng from other RF 
components and the human body. This indicates potent ial for more straight forward 
integration of the antenna withi n the handset and a performance comprising of lower 
SAR va lues and higher efficiencies when placed near the hu man hand and head. The 
mu lt i-band handset antenna des igns presented in Chapter 5 were all unba lanced and 
fed by a son coax li ne. In order to ba lance them whil st mai ntaini ng thei r monopo le 
exci tation and hence low SAR attri bute, the fo llowi ng two options could be exami ned: 
(i) using two parallel monopoles fed in anti -phase and (ii) using a folcl ecl lllonopole. 
The second issue that needs to be addressed is the coverage of the 900 MHz band. 
Apart from handset des igns where a combination of antennas is used to achieve multi-
band operati on, atta ining the GSM 900 band with a single exciter whilst trying to 
maintain a low profi le can be a complex task. The task becomes even more 
chall enging in the case of the mate ri al loaded antenna, where the feed type and 
position play the most significant part in controlling the pattern and SAR value. 
Dielectric resonator antennas in general are unsuitable for use below I GHz, because 
in order to halve the freque ncy of operation, the antenna must become eight times 
bigger and heavier. One way of tackling thi s problem could be using the die lectri c to 
excite a parasiti c conducting antelma, whilst taking care to maintain the pattern mIll s 
towards the head. 
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Appendix I 
ROOT COMPUTATION PROGRAMME FOR SPHERICAL RESONATOR 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%% 
% Newton Raphson procedure for spherical dielectric resonators 
% Programme Newtonsph 
% matl=rp*erl x rp.mrl mat2=rp.er2 (note; no ferrite externally) 
% tml=tandelta mrl tel=tandelta erl te2=tandelta er2 
% perm=rp.mrl or rp.er1 los=tml or te1 
% p=2pie a/lambdaO st=start M=number of iterations n=tolerance 
% fr=freguency (MRz) for 2cm sphere radius g=Q factor of antenna 
% 
% label 1 and 2 refers to inside and outside of sphere respectively 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%% 
clear all; 
format long; 
j =sgrt (-1. 0) ; 
perm=lj 108=0.01; matl=36i mat2=1; tml=O.Oli tel=O.Ol; te2=Oi 
start=O.5j M=50i 
m=perrn*(l+j*los); perm2=1; f=perrn2*(1+j*trn1); rnUO=4*pi*10 A-7; 
erO=8.854*10 A - 12 i 
zl=sgrt(mat1/2)*(sgrt«1-
tm1*te1)+sgrt(1+(tm1*te1)A2+tm1A2+te1A2»+ ... 
sgrt«-1+tm1*te1)+sgrt(1+(tm1*te1}A2+trn1A2+te1A2»*j) ; 
z2=sgrt(mat2/2)*(sgrt(1+sgrt(1+te2 A2})+sgrt(-1+sgrt(1+te2 A2»*j); 
p=starti C=li 
while C<M 
func=double«sin(zl*p)*(m/(z2*(zl A2)*(pA 3»+ ... 
1/(z2*p)-1/«zlA2)*Z2*(pA 3»)+ ... 
COS(Zl*p)*(-m/(zl*z2*(pA2»+1/(zl*z2*(pA2»)+ ... 
(sin (zl *p) * (-m/ ( (zl A2) * (pA 2) ) +rn/ ( ( (zl * z2) A2) * (p A4) ) + ... 
1/ «z2 A2) * (pA 2» -1/ «zl A2) * (z2 A2) * (pA4») + ... 
cos(zl*p)*(m/(zl*p)-
m/(zl*(z2 A2)*(pA3»+1/(zl*(z2 A2)*(pA 3 »»*j» ; 
diffunc=double«zl*cos(zl*p)*(m/(z2*(zlA2)*(pA 3»+1/(z2*p)-
1/«zlA2)*z2*(pA 3»)+ ... 
sin(zl*p)*(-3*m/(z2*(zlA2)*(pA 4»-
1/ (z2* (pA 2» +3/ «zl A2) *z2* (p A4») - ... 
zl*sin(zl*p)*(-m/(zl*z2*(pA2»+1/(zl*z2*(pA2»)+ .. . 
cos(zl*p)*(2*m/(zl*z2*(pA 3»-2/(zl*z2*(pA3 »)+ .. . 
(Zl*COS(Zl*p)*(-m/«zlA2)*(pA2 »+m/«(zl*z2)A2 )*(pA 4»+ ... 
1/ ( (z2 A2) * (pA 2) ) -1/ ( (zl A2) * (z2 A2 ) * (pA 4) ) ) + ... 
sin(zl*p)*(2*m/«zl A2)*(pA 3»-4*m/«(zl*z2)A2 )*(pA S»- ... 
2/ «z2 A2) * (p A3» +4/ «zl A2) * (z2 A2) * (pAS») - ... 
A-2 
] 
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zl*sin(zl*p)*(m/(zl*p)-
m/ (zl* (z2'2) * (p'3» +1/ (zl* (z2'2) * (p'3») + ... 
COs(zl*p)*(-m/(zl*(p'2»+3*m/(zl*(z2'2)*(p'4»-
3/ (zl* (z2'2) * (p'4»» *j»; 
n=(func/diffunc); 
p=double (p-n) ; 
C=C+li 
end 
p 
n 
q=double(abs(real(p)/(2*(imag(p»») 
fr=real(p)*2387.S*10'6 
rad=real(p)*(477S0000/(1.8*10'9» 
A-3 
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